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Abstract 
Tunable Interface Non-linear Electron Transport in Semiconductor Nanowire 
Heterostructure and Its Application in Optoelectronics 
Guannan Chen 
Jonathan E. Spanier, Ph.D. 
 
 
 
 
Understanding the effects of finite size and dimensionality on the interaction of light with 
nanoscale semiconductor heterostructure is central to identifying and exploiting novel 
modes in optoelectronic devices. In type-I heterostructured core-shell GaAs/AlxGa1-xAs 
nanowires, the real space transfer (RST) of photogenerated hot electrons across the 
interface from the GaAs core to the AlxGa1-xAs shell forms the basis of a new family of 
optoelectronic devices by a carefully designed and optimized nanofabrication process. 
Due to the large mobility difference, we observed negative differential resistance (NDR) 
on single nanowire devices. External modulation of the transfer rates, manifested as a 
large tunability of the voltage onset of NDR, is achieved using three different modes: 
electrostatic gating, incident photon flux, and photon energy.  
In this dissertation, the physics of coupling of external control to transfer rate was 
investigated. The combined influences of geometric confinement, heterojunction shape 
and carrier scattering on hot-electron transfer is discussed. Temperature-dependent 
transport study under monochromatic tunable laser illumination reveals an ultrafast 
carrier dynamics related to RST of excess carriers, which provides an insight into hot 
carrier cooling. Device element showing adjustable phase shift and frequency doubling of 
ac modulation is demonstrated. For a full understanding, Carrier transport properties are 
probed through electron beam induced current, which is capable of imaging sub-surface 
feature in excess carrier transport. Along with simulation of injected electron trajectories, 
xvi 
 
selective probing of core and shell by tuning electron beam energies reveals axial and 
bias dependent transport along parallel channels. The drift and diffusion component of 
the excess carrier current is deconvoluted from a coupled decay length, from which lower 
than bulk shell electron mobility is extracted. A precise knowledge of band edge 
discontinuities at heterostructure interface is inevitable to understand electronic and 
optoelectronic properties where real space transfer is involved. We used a combined 
photocurrent and photoluminescence spectroscopic study, in GaAs/AlxGa1-xAs and 
GaAs/AlAs core-shell nanowire systems, to construct a band diagram of an individual 
heterostructure nanowire with high spectral resolution, enabling quantification of 
conduction band offsets. The thesis outlines a promising novel device paradigm with a 
well-studied carrier transport physics at heterostructure nanowires, which can be further 
extended to a broad range of semiconductor material systems. 
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Chapter 1: Introduction 
 
1.1 III-V Semiconductor Nanowires 
 
Semiconductor nanowires have been a promising candidate of integral materials for the 
next-generation optoelectronic and photonic devices due to unique effects from finite size 
and dimensionality as well as advantages over planar counterpart for high performance 
[1]–[5]. Among them, III-V nanowires receive particular attention for a combination of 
high mobility, strong light-matter interaction, and broad range of device applications.  
Thin-film based quantum well structure is proved essential in high speed electronics 
operating in 100 GHz to THz region [6], [7] and keeps refreshing the world record in 
solar cell performance [8]. At the same time, current progress in electronics has 
encountered a bottleneck in scaling down mainstream Si-based transistors below 10 
nanometers due to electron tunneling induced gate oxide breakdown and issues in power 
dissipation [9]. One of the key motivations for developing nanowires-based electronics 
and optoelectronics is to further reduce the dimensions of materials to 1-D quantum wires 
and pushes the device operating speed limit to higher levels. The progress of material 
synthesis technology such as molecular beam epitaxy (MBE) and metal-organic vapor 
phase epitaxy (MOVPE) has reached atomic level accuracy, which offers a new level of 
freedom in materials designs and device innovations. Besides the potential to replace 
traditional planar transistors, nanowires also attract attention in renovation in vertical 
integrated circuit structure and interconnect. With the uncertainty always accompanying, 
the emerging 1D heterojunction materials is expected to exhibit new physics 
phenomenon which are neglected by the idealized theoretical predictions.  
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With significant progresses achieved in the field of nanowire growth, nearly defect free 
single crystal nanowires are the basis for recent breakthroughs in photonic and energy 
harvesting devices such as single nanowire laser and high efficiency solar cells [10]–[12], 
which have strict requirements for material quality and defects control. 
1.2 Heterostructured Nanowires for Optoelectronic and Photonic Devices 
 
Among semiconductor nanowires, III-V heterojunction nanowires have shown particular 
promise in functional devices with competitive performance, including solar cells [12]–
[14], photodetectors[15], LEDs [16], [17], lasers [10], [18]–[20], resonant tunneling 
devices[21], single electron transistors[22] and memory devices[23]. The intrinsic 
properties on III-Vs such as direct bandgap, high carrier mobility and high freedom in 
band engineering offered huge possibilities for novel high speed optoelectronic devices.  
There are two main advantages for nanowire heterostructure over planar thin-film 
counterparts. It allows epitaxial growth of highly lattice-mismatched materials to form 
heterojunction without introducing heavy density of defects. The finite size and large 
surface-to-volume ratio was able to terminate defect such as dislocations by releasing the 
strain at the surface. Due to the finite size, the growth kinetics of nanowire is different 
than the thin-film. Material phases that are not energetically favored in planar structure 
can be easily grown with high quality, creating new category of materials. The III-V 
nanowire synthesis community put tremendous efforts to fully understand growth 
mechanisms and gain freedom in the control of precise doping [24], defects [25], 
crystallographic phase polytypes [26], uniformity in geometry [27], catalyst residue [28] 
etc. Recently, the high controllability in crystallographic phase has been reported 
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highlighted with periodic zinc blende (ZB) / wurtzite (WZ) superlattice in axial 
heterostructured nanowires [29]. It opens up the possibility of designing nanowire 
heterostructure not only by the selection of different materials but different polytypes as 
well (Figure 1.1). 
Continuous efforts in nanowire-FET are motivated by a superior electrostatic control 
from cylindrical geometry and quantum capacitance. Single electron ballistic transport 
and single charge detection throw light on the ultimate power saving and detection 
resolution[22], [30].  Tunnel nanowire FET from resonant heterojunction barriers, as a 
demonstration of freedom in advanced architecture can bring subthreshold swing below 
60mV/dB theoretically[21], [31]. Last but not least, integration of III-V core-shell 
nanowires on Si substrate is widely studied and considered one of the most important and 
urgent questions. Efforts has been on various systems (e.g. GaAs/AlGaAs, GaAs/InGaAs, 
InP/GaP) [32], [33].  
 
Figure 1.1. (a) ZB and WZ phase; (b) demonstration of complete control of 
crystallographic phase[34]; (c) TEM images and diffraction patterns of each phase[26].  
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1.3 Nanowire Devices Built on Interface 
 
The interface in heterostructured semiconductor determines to a large extent carrier 
behavior in the materials. The famous phrase that “the interface is the device” by Hebert 
Kroemer indeed reflects the importance of interface in the success of photonic and 
electronic devices including heterostructure lasers, Esaki tunneling diodes and high 
electron mobility transistors (HEMT) [35].  
We focus on using real space transfer phenomenon of photogenerated hot electron at the 
interface of core-shell nanowire heterostructure to realize non-linear optoelectronic 
devices. In a Type-I heterostructure with drastic electron mobility difference (such as 
GaAs/AlGaAs in our study), the electron transfer from a higher mobility material to a 
lower one in the presence of external bias voltage leads to the formation of a negative 
differential resistance (NDR) region in current-voltage characteristics [36].  
1.4 Thesis Synopsis 
 
This dissertation presents a detailed investigation of the hot-electron transfer at co-axial 
interface of core-shell nanowires. In Chapter 2, details of nanowire growth and device 
fabrication are given. VLS growth of MOVPE GaAs/AlxGa1-xAs nanowires and MBE 
GaAs/AlAs nanowires and post-growth characterizations are discussed. 
In Chapter 3 electrical contacts for nanowire devices are discussed.  The challenge to 
form Ohmic contact on GaAs is explained. A specific Pd-based contact recipe is 
discussed. Metallization and annealing optimizations are summarized. The mechanism to 
form Ohmic contact by this method, forming a local doping region, is analyzed. 
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Contacting nanowires by a direct-writing method from electron or ion beam induced 
deposition is also discussed. The advantages and problems of this method are 
consequently summarized. 
Chapter 4 focuses on the transport in core-shell nanowires. EBIC is introduced as a sub-
surface imaging tool to probe the conduction channels in core and shell, respectively. The 
effect of beam energy, superiority and the limits in resolution are discussed. Monte-Carlo 
simulation of beam trajectory in core-shell nanowires is given. The analysis of the data 
focuses on finding the parallel transport channels in the core and the shell of different 
properties.  
The real-space-transfer phenomenon is discussed in Chapter 5. Three different modes of 
tuning the negative differential resistance onset is given and analyzed. Calculations of 
transfer rate and geometrical factors are also provided. New device paradigms enabling 
ac signal modulation are discussed together with experimental results.  
One of the most important properties for semiconductor heterostructure, band edge 
discontinuities, is introduced in Chapter 6. The challenges in determining the value both 
theoretically and experimentally are summarized. A direct measurement of band edge 
discontinuities on single nanowire devices using a combination of photocurrent and 
photoluminescence is given.  
  
6 
 
Chapter 2: Materials Growth and Device Fabrication 
 
2.1 Materials Growth 
2.1.1 Background of III-V Nanowire Growth 
 
III-V nanowires are usually grown by metalorganic vapor phase epitaxy (MOVPE) or 
molecular beam epitaxy (MBE) methods, both of which are promising approaches and 
capable of achieving high-quality homogenous and heterostructured nanowires [37]–[41]. 
MOVPE is also frequently referred to as metalorganic chemical vapor deposition 
(MOCVD). It involves the delivery system to flow chemical precursors in a high-purity 
carrier gas to the growth substrate. MBE system operates under high vacuum and 
elemental beams instead of precursor gas flow are directed towards the growth surface 
with individual high-accuracy heaters and shutters. The growth is more controllable and 
cleaner but less versatile and less efficient.  
Au-catalyzed VLS mechanism is still one of the most widely used for the growth. Au, 
however, is usually unwanted in semiconductor electronics especially in Si as a deep-
level centers which compromises the electronic properties. Although the problem is not 
crucial in GaAs, recent trend to directly integrate III-V nanowires on Si substrate 
reintroduces the interests for Au-free growth [42], [43]. An alternative is the self-
catalyzed/self-assisted growth which uses Ga droplet instead of Au as the nucleation 
catalyst [44]–[46]. Catalyst free growth has also been seen in MBE growth by depositing 
a thin-layer of SiO2 layer on GaAs substrate. Consequently, spontaneous or patterned 
pinholes on SiO2 layer allow epitaxial nanowire nucleation and growth.  
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2.1.2 MOVPE GaAs/AlxGa1-xAs Core-Shell Nanowires Growth 
 
The GaAs/AlxGa1-xAs nanowires used in this study are grown on (111)B oriented semi-
insulating GaAs substrate (Figure 2.1(a)). The growth was performed in an Aixtron 
200RD reactor in Dr. Nico Lovergine and Dr. Paola Prete’s group at University of 
Salento, Lecce. The reactor is maintained at a low pressure (50 mbar) H2 reduction 
environment. The precursor we used in this study is high purity trimethylgallium 
(Me3Ga), trimethylaluminium (Me3Al), and tBuAsH2. The GaAs substrates were cleaned 
in IPA vapors for 1 hour and then etch in a H2SO4:H2O2:H2O (4:1:2) solution for 8 min at 
around 40 °C. As-cleaned substrates were rinsed in DI water and dried in N2 flow. Au 
particle with a diameter of 60 nm – 70 nm were prepared by reaction of HAuCl4 with 
sodium solution. The Au particles are then randomly deposited on the treated GaAs 
substrate by solution transfer (dried on hot plate in air).  
 
Figure 2.1: (a) 111(B) or ( )111 GaAs surface terminated by As layer. (b) The VLS 
growth process chart of core-shell GaAs nanowires. (i) Au nanoparticle as deposited. (ii) 
Vapor phase reactants are introduced and alloyed with Au particle. (iii) Nucleation takes 
place and the solid phase precipitates out. (iv) nanowire core continues to grow. (v) The 
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conformal shell growth at higher temperature. (vi) Growth of thin GaAs cap to prevent 
shell oxidation. 
The growth flow started by a 10 min bake at 625 °C in a H2 and tBuAsH2 environment, 
whose purpose was to desorb GaAs surface oxides and organic residuals from Au particle 
dispersion step. The reactor temperature was then reduced to 400 °C and 
trimethylgallium is introduced. The VLS growth took place at an estimated axial rate of 
2.6 nm/s. Once the growth of the GaAs core ended, the reactor temperature was increased 
to 650 °C for the AlGaAs shell overgrowth. The shell growth time was between 4 and 10 
min. This process is a non-catalytical and the shell grew conformally on the existing 
GaAs core. The precursors V:III ratios in the vapor for both core and the shell were kept 
identical ranges from 5:1 to 20:1. A detailed analysis of the role of V:III ratio in the 
growth can be found in the review article by Dick et al [47]. A GaAs capping layer was 
added after the shell growth for most of the samples to prevent surface oxidation into the 
AlGaAs. After the growth stages, samples were cooled down under a continuous H2 and 
tBuAsH2 flow. A summary of growth process is given as illustrations in Figure 2.1(b). 
2.1.3 MBE GaAs/AlAs Core-Shell Nanowires Growth 
 
The GaAs/AlAs core-shell nanowires grown by MBE used self-assisted VLS method. 
The substrate is (111)-oriented silicon with a native oxide layer. The source materials 
used were Ga, Al, and As4. A pre-growth bake at 200 °C removes the water on substrate, 
followed by a outgas process at 600 °C in a separate chamber before the substrate was 
transferred to MBE growth chamber. The growth was initiated by condensation of Ga at 
the surface. The growth of GaAs core was carried out at 640 °C and a V/III ratio of 100. 
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No significant tapering was found in the core growth part. The crystal structure is ZB 
with very occasional twins from TEM results [46]. A 10 nm AlAs shell and 10 nm of 
GaAs capping layer were grown at a lower temperature at 520 °C (Figure 2.2) [48]. The 
thickening near the tip of the nanowires is due to the solidification of the gallium droplet. 
The rest of the nanowires are very uniform without tapering. 
 
Figure 2.2: (Top) SEM images (side view) of the MBE grown GaAs/AlAs core-shell 
nanowires. Inset: SEM image (top view) of a single nanowire showing the hexagonal 
cross-section (Scale bar: 100 nm). (Bottom) TEM images and a HRTEM image of 
rotational twin planes in regions indicted by red arrows. Inset: electron diffraction image 
confirming ZB structure. (Courtesy of  P. Plochocka et al) [48] 
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2.1.4 Post-Growth Characterizations 
 
As-grown nanowires were subject to a series of characterizations including SEM, TEM, 
photoluminescence (PL), cathodluminescence (CL) and Raman spectroscopy, and atom 
probe tomography (APT). A summary is shown in Figure 2.3. Specifically for MOVPE 
grown nanowires, a close look is given in the following. First of all, the tapering effect is 
not observed and the nanowires have uniform diameter from the substrate to the catalyst 
tip, which indicates the mass transport from the substrate surface is negligible under the 
growth temperature (Figure 2.3(a)). The TEM results showed the nanowires are in ZB 
phase with occasional twins and stacking faults. The Al composition can be determined 
by the EDX scans, PL, and CL spectra. In the PL and CL spectra, the position of band-
edge excitonic emission peak from the AlGaAs shell directly corresponds to the Al 
composition [49]. Atom probe tomography results show a nearly linear-graded steep 
transition from GaAs to AlGaAs at the interface (Figure 2.3(c)-(e)). For 
GaAs/Al0.33GaAs0.67 nanowires, the transition width is measured as 6.5 nm. The value is 
2.9 nm for GaAs/Al0.24Ga0.76As nanowires. The knowledge of doping concentrations is 
critical for nanowire electronic devices. From a growth point of view, there are 
unintentional dopants of Si as donors (n-type) for the AlGaAs shell and carbon as 
acceptors (p-type) for the GaAs core. The doping level can be extracted from Raman 
spectrum collected from single core-shell nanowire. The plasmon LO-phonon modes 
(PLP-, PLP0, and PLP+) can be used to derive shell doping based on the actual 
frequencies and relative intensities of these Raman peaks in Figure 2.3(g) [50]. In the 
nanowires used in this study, the shell doping concentration is around 1018 cm-3 from Si 
in trimethylaluminium precursor source. 
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Figure 2.3: (a) SEM image (tilted view) of as-grown GaAs/AlGaAs core-shell nanowires. 
(b) TEM HAADF (Z-contrast) image of a single GaAs/AlGaAs nanowire: the two black 
lines along central axis indicate the GaAs/AlGaAs interface; the white and grey circles 
12 
 
indicate core and shell regions. (c) Prepared APT sample by mounting single nanowire on 
the tip a tungsten probe. (d) The 2D APT spectroscopic map on the cross-section of a 
core-shell nanowire showing Ga (yellow) and Al (cyan) rich areas (Scale bar: 10 nm). (e) 
The corresponding line profiles averaged from the shaded area in (d) reflecting the 
interface of the core-shell nanowire. (f) Low-T CL results of a single core-shell nanowire 
showing the AlGaAs bandgap transition energy. (g) Micro-Raman spectrum on single 
core-shell nanowire. ((a), (b), (f), (g) courtesy of N. Lovergine [50], [51]; (c)-(e) courtesy 
of P. Kung [52]) 
2.2 Device Fabrication 
2.2.1 Nanowire Transfer 
 
To fabricate single nanowire devices, as-grown nanowires need to be transferred from 
growth wafer to device test substrate (SiO2/Si and sapphire). We applied solution transfer 
method (i.e. sonication of growth wafer in isopropyl alcohol (IPA). The sonication times 
range from 1 sec to 15 sec depending on the density of the growth chip. The nanowires 
usually break close to the nanowire substrate interface. The device test substrates are 
subject to a triple acetone/IPA cleaning and dried in N2. After the sonication, a drop of 
IPA solution containing suspended nanowires is pipetted onto the substrate. IPA will 
quickly evaporate off with an optional hot plate set at 60 C, leaving a dispersion of 
nanowires on the target substrate. It has been noticed that the nanowires tend to 
agglomerate along the perimeter of IPA droplet especially when the droplet is nearly 
evaporated. To facilitate the dispersion of nanowires to a specific area on the target 
substrate, a pipette can be used to guide the solution droplet site-specifically by capillary 
effect. An alternative method for transfer nanowires is the stamping method. The method 
is straightforward as indicated by its name. The as-grown nanowire substrate is simply 
inversely placed on the test substrate. A gentle force is applied by tweezers or other forms 
to press one against the other like stamping. A large amount of nanowire will be left on 
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the target substrate consequently. By sliding the nanowire substrate along one direction 
while applying the stamping force can result in certain level of alignment. But the angular 
dispersion is large and the nanowires are not parallel. This method consumes large 
amount of nanowires and overlapping and crossing exists. Therefore, it is more suitable 
for ensemble optical characterization or multiple-nanowire devices.  
2.2.2 Defining Electrical Contacts by Lithography 
 
To fabricate single-nanowire devices, contact area and resolution need to be comparable 
with nanowire itself. In our study, a resolution equal or smaller than 250 nm is necessary. 
Because of the randomness of the nanowire orientation and position, photolithography is 
not suitable for the need of lithography mask which is expensive and not practical to be 
modified for each test sample. Instead, electron beam lithography (EBL) is used for sub- 
100 nm patter generation. EBL has a much higher spatial resolution which depends on 
the beam spot size and the e-beam resist used. Besides the resolution, EBL also has 
superior depth of field, easy pattern modification, overlay tolerance, and mask free. A 
double or triple layer of poly-methyl methacrylate (PMMA) (MicoChem®) is used as 
positive e-beam resist. The exposure mechanism is due to the interaction of secondary 
electron with the PMMA, which can be found in most microfabrication book chapters. 
The double layer recipe is a 100K bottom layer and a 950K top layer while the triple 
layer specifics are 950K/100K/950K. The layer notation is based on its polymer 
molecular weight.  The purpose of multi-layer recipe is to avoid side-wall adhesion effect. 
In the metal evaporation in the lithography defined window, a metal clings from a 
rounded or inverse-trapezoidal shaped window is possible to connect the metal piece in 
14 
 
the window to one on the resist. The connection may result in a lift-off failure, in which 
the metal in the patterned window will also be removed or the cling breaks to form a 
sharp spike in the perimeter of the window. The 100K layer functions as the control layer 
for the following metal deposition and lift-off. The 100K PMMA develops at a higher 
rate due to lower molecular weight, forming a notch/undercut (Figure 2.4) to prevent 
sidewall connections.  
 
Figure 2.4. Multi-layer PMMA for high resolution e-beam lithography. (a) The lower 
molecular weight PMMA has a larger window; (b) bi- and tri- layer PMMA after 
development; (c) metal evaporation on PMMA and in the lithography-defined window. 
The PMMA resist is applied to the substrate by spin-coating. Except for the final top 
layer, the other PMMA layers are spin coated at 5K rpm and baked in oven at 170 ºC for 
10 min to provide mechanical strength. After the final layer is coated, the entire resist 
structure is baked from 30 min to 2 hr to remove the solvent. The prepared samples are 
then transferred to the high vacuum chamber of the AMRAY 1850 FE SEM chamber. 
The SEM is controlled by the Nano Pattern Generation System (NPGS) to expose pre-
defined area to form patterns. Typically, a 20 kV beam of 25 pA – 100 pA beam current 
is used to write the patterns on PMMA with a dose of 250 µC/cm2 for Si substrate. For 
the insulating sapphire substrate, charging effect compromises the patterning quality with 
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distortion and drift. An additional 15 nm of Ag layer is evaporated on the top of the resist 
layers to both provide conduction path and reduce the amount of forward scattering 
electrons into the substrate. After the pattern writing, the Ag layer can be easily removed 
by dipping in HNO3 solution before development.  
In the development process, the developer methyl isobutyl ketone (MIBK):IPA mixture 
(1:3 in volume ratio) removes the exposed PMMA and opens the patterned window. It 
consists of a 70 seconds immersion in developer and 20 seconds rinse in IPA (with N2 
blow dry). A 5-second oxygen plasma de-scum and a post-development baking at 170 °C 
for 10 min are optional to enhance the pattern quality.  
Shown in the Figure 2.5 is the top and tilted view of a representative nanowire device. 
The contact spacing is usually 1µm or 2 µm and the contact width ranges from 250 nm to 
2 µm. It can be seen that the contact edge is smooth and free of spikes. Besides the 
lithography quality, the metal deposition environment and process also affect the contact 
uniformity and quality. The metal deposition was carried out in either e-beam evaporator 
(Edwards-EB3 system) or thermal evaporator (Kurt Lesker Nano38 system).  The 
chamber base pressure is below 10-6 torr and the evaporation rate (monitored by a QCM 
crystal) is usually 0.1-0.5 Å/sec, both of which ensure a smooth deposition. The species 
of contact metal is carefully chosen and optimized to achieve specific contact type. The 
detailed analysis of contact type and corresponding metal can be found in Chapter 3.1.1.  
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Figure 2.5: SEM images of a single core-shell nanowire contacted by EBL. (a) tilted 
view at 52 degree (Scale bar: 500 nm); (b) top view (Scale bar: 1µm). 
After metal deposition the substrates are placed in acetone for lift-off. PMMA will 
dissolve in acetone and the metal on PMMA will also be removed during the process, 
leaving the metal only in the lithography defined pattern area. A final step of 30 sec 
oxygen plasma treatment cleans the residue resist and other organic solvents from the 
device chip.  
2.2.3 Contacts by Direct-Writing Methods 
 
An alternative contacting method uses focused electron or ion beam to directly deposit 
metal in the contact area. The facility is a FEI (DB235) dual-beam scanning electron 
microscopy/focused ion beam (SEM/FIB). The most significant advantage of this method 
is that the contact defined can reach a fine and accurate edge resolution only limited by 
the SEM/FIB resolution itself (< 50 nm usually) and it is a single step technique where no 
lithography processing steps are needed. 
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The electron beam is generated through a field-emission source and accelerated by 
extraction field, collimated by aperture, and well-focused by the column coil lens to a 
beam spot below 5 nm. The ion beam is generated from a different source of a Ga liquid 
metal ion source (LMIS), which has a low melting point and is suitable for extraction of 
Ga ions after an initial heating. The ion beam energy is usually constant at 30 kV except 
for non-imaging low kV mode. The electron beam energy varies from 1 kV to 20 kV. The 
stage where the sample is mounted can be tilted to align either beam perpendicular to the 
surface plane. Usually the working distance is adjusted precisely at the eucentric point so 
that both beams can be simultaneously focused at the same point as shown in Figure 2.6a. 
 
Figure 2.6. (a) The operation principle for dual-beam SEM/FIB with GIS system; (b) the 
process of IBID with metal-organic molecules introduced by GIS. 
The electron/ion beam induced deposition (EBID/IBID) is a chemical vapor deposition 
process assisted by the beam energy. The process involves a needle-like gas injection 
system (GIS) that forms a local gaseous environment at the imaging surface. The GIS 
introduces the target metal (e.g. Pt or W) in the form on metal-organic molecules at a 
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distance of 150 µm up and 50 µm horizontally from the center beam. When the beam 
scans through the surface area, the metal will be dissociated from the organic compound 
and deposited to the surface. The decomposed organic species is volatile and will be 
removed through pumping. The principle is illustrated in Figure 2.6b. As shown, the 
IBID is a balance between milling and deposition, which limits the range of beam current 
(typically 10 pA – 100 pA). Additionally, it is in principle a destructive technique which 
changes the material surface under the beam. Both surface atoms and as-deposited metal 
atoms can be knocked out by the following Ga ion (Ga+). The Ga ion itself is also 
partially implanted in the deposition area. The EBID is, on the other hand, is non-
destructive. The deposition rate depends on beam energy, beam current, and the 
secondary-emission efficiency of the substrate. We found that the optimal deposition rate 
in our system is achieved for 5 kV at spot size setting at 3 (approx. 100 pA beam current) 
while the secondary electron detector is switched off to prevent drifting. The as-deposited 
Pt contains carbon due to incomplete fractionation of the organic part of precursor. The 
carbon composition decreases at larger thickness. The value of carbon composition is 
higher for EBID [53], [54]. FIB/SEM contacted nanowires will be discussed in the next 
Chapter 3.1.3. 
2.2.4 Nanowire Etching 
 
For real-space transfer devices, contacts are required to be made on core and shell 
simultaneously. A shell-etch is needed to expose the core. For that purpose, a piranha 
etch recipe with ingredient concentration of H2SO4/H2O2/H2O (1:8:1000 in volume) was 
used for shell wet etch. The etching mechanism is a combination of oxidation and oxide 
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removal. The process started with a 30 sec immersion of transferred nanowires (on Si or 
sapphire chips) in HCl:H2O (1:1) to assist the initial oxide removal. The chips are then 
transferred to the piranha solution. H2O2 in the solution oxidizes the AlGaAs shell (or 
GaAs capping layer first if present) and then H2SO4 removes the oxidized part. The 
etching time to remove the 60-70 nm AlGaAs was calibrated to be 30 sec. Before the 
metal deposition on the etched nanowires, another 30 sec HCl:H2O (1:1) treatment was 
performed to clean the surface with any remaining oxide from piranha process.  
2.2.5 Rapid Thermal Annealing (RTA) 
 
The rapid thermal annealing was performed in the Heatpulse 210 equipment to initiate 
contact metal diffusion. The annealing is under a reduction forming gas (H2 5% / N2 
95 % ) environment at a flow rate of 15 sccm. The annealing time is optimized as seen in 
Chapter 3. 
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Chapter 3: Contact Studies in Core-Shell Nanowires 
3.1 Ohmic Contact and Schottky Contact to Nanowires 
3.1.1 Contacting GaAs 
 
GaAs is a challenging material to make Ohmic contact on due to the surface complexity 
and doping limitations[55]. The seemingly simple task, however, cost a huge amount of 
research efforts over several decades. The metal-semiconductor contact theory requires 
an ideal interface without oxides, defects, or interfacial additional charges. Approximated 
from classical model considering both thermionic emission (TE) and tunneling/field 
emission (FE) mechanisms of carrier transport by Padovani [56], the contact resistance 
( Cρ ) from FE contribution is related to Schottky barrier height ( Bφ ) and the doping level 
( ,D AN ) in the  form of, 
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Lowering the barrier and increasing the doping level can both reduce the contact 
resistance. However, for GaAs no simple correlation was found between Bφ  and metal 
work function due to the uncertainty of interface conditions and Bφ  varies even for the 
same metal contact on GaAs of different growth methods[57]. Although the high doping 
level can reduce the contact resistance, it reduces the mobility of the material as well, 
which is undesired for high speed devices. 
Our MOVPE nanowires have an unintentionally doped GaAs core with impurity carbon 
functioned as p-type donor at an estimated concentration of 15 310 cm− from precursors [58]. 
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It sets an obstacle to contact these wires, as Ohmic contacts to undoped GaAs are difficult 
based on the above discussions and rarely reported for GaAs nanowires in the literature. 
To achieve Ohmic contact, we used interfacial layer to form a high local doping at the 
contact area by thermal activation of a pre-deposited doping metal layer through 
annealing. The annealing facilitates the inter-diffusion process in which the metal dopant 
in the thin layer incorporates into the GaAs lattice at the vacancy site created by out-
diffusion of Ga. The highly doped region near the interface significantly reduces the 
width of depletion region. As a result, tunneling is enhanced to result in Ohmic contact. 
The method has been proved effective and substantially reduces the contact resistance. 
Au-Ge-Ni system has been widely used to form low resistance contact when Ge can 
diffuse from NiAs(Ge) phase on the surface to Ga vacancies after annealing [59], [60]. 
However, usually the Ge diffusion is in the form of spikes distributed randomly on the 
contact area surface. The probability for the spikes to land on nanowires is too low for 
reproducible devices.  
Therefore, we improved the process with a modified method [61] and overcame the 
challenge by introducing a Pd layer to form a thin layer of compound PdxGaAs to 
functionalize the doping metal to diffuse into the GaAs nanowire under contact area. 
Palladium is known to react with GaAs on the surface to form a PdxGaAs compound at 
room temperature. These compounds become chemically unstable at higher temperature 
featured by a gallium out-diffusion process. The Ga-site vacancies left behind further 
promote the doping metal to diffuse in. Ge and Si are typical n-type doping layer and Zn, 
Be, Mn, and Mg are p-type. The schematics of layer diffusion kinetics are illustrated in 
Figure 3.1. 
22 
 
The SIMS results from the MIT group using Pd/Be on p-type GaAs are shown in Figure 
3.2 and by a Gaussian fit the diffusion coefficient can be derived [62].  
 
Figure 3.1. Thermal activation of Pd-based contacts on GaAs with annealing time. (a) 
Pd/Ge contacts on n-type GaAs; (b) Pd/Zn contacts on p-type GaAs. 
 
Figure 3.2. (a) SIMS depth profiles of a Pd/Be/Au contact to p-type GaAs as deposited 
and (b) after 30 s of heat treatment at 450° C; (c) SIMS depth profile of the heat-treated 
Pd/Ge/Au contact to n-type GaAs; (d) Gaussian calculation of diffusion distance [62]. 
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3.1.2 Pd/Zn Based Ohmic Contacts 
 
For the GaAs/AlGaAs core-shell nanowires, we use Pd/Zn recipe to achieve Ohmic 
contacts on the weak p-type core. The contact consists of 5 layers of metal deposition: 
Pd/Zn/Pd/Ti/Au. The first two layers are vital for the process of diffusion in annealing. 
We first optimized the layer thicknesses and annealing conditions (temperature and time) 
on bare GaAs nanowires. Our results are summarized in Figure 3.3 and we now use the 
parameters optimized though results of carefully conducted control experiments [63]. It 
can be seen the contact resistance with Pd functional layer is reduced by two orders of 
magnitude compared to Pd/Ti/Au contact without doping metal layer. Among the tested 
annealing conditions, devices have the lowest reproducible device resistance at 400 °C 
and 20 sec. For temperature below 300 °C, no significant difference in device resistance 
was observed between before and after annealing. For annealing time, both 20 sec and 30 
sec generated consistent results. 
 
Figure 3.3. (a) GaAs nanowire device conductivity on different Pd based recipe; (b) 
contact resistance for increasing Pd layer thickness; (c) conductivity of devices at 
different annealing stages for Pd/Zn contacted nanowires[63]. 
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Based on the bare GaAs nanowire results, we moved forward to contact core-shell 
nanowires with a controllable and consistent contact resistance. The contact are deposited 
after an 30 sec AlGaAs shell etching in the EBL defined window in H2SO4/H2O2/H2O 
(1:8:1000) solution (details discussed in previous chapter). A post metallization RTA is 
performed at 400 °C for 20 sec on Pd/Zn contact in forming gas reduction environment. 
Compared to the unetched devices, Zn is possible to function as a compensated dopant 
for the n-type AlGaAs shell, which reduces the shell current. From these devices, we 
reported for the first time a single core-shell nanowire device showing real space transfer 
of photogenerated hot electron over the interface.  
On the other hand, a Schottky contact is desired for different device schemes. A typical 
device is metal-semiconductor-metal (MSM) photodetector, in which two terminal 
contacts with large Schottky barrier are directly deposited on the material. Sze proposed 
the famous model in which the back-to-back diodes analogy is used to describe the 
device behavior. Since one of the contact barrier is reversely biased regardless the bias 
polarity, the inflow of channel carriers from that contact is limited, which forms a very 
low equilibrium (dark) current. Under illumination, the excess carriers however do not 
have the limitations to flow out from the forward biased contact. As a result, the device 
shows excellent photodetection performance.  
3.2 Direct Writing Methods in Contacting Nanowires 
 
The Schottky contact is relatively straightforward to prepare on nanowires. One approach 
we studied systematically is the direct writing method by dual beam Focused Ion Beam 
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(FIB) to contact GaAs bare nanowires. The details on the instrumentation and beam-
induced deposition mechanisms have been introduced in Chapter 2.2.3.  
Specifically, contacts to GaAs nanowires were produced using (a) EBID of Pt; (b) IBID 
of Pt; and (c) EBL pattern defined contacts from metal evaporation. EBL was included 
for comparison here. As a non-destructive process, the lower-energy EBID cannot fully 
decompose Pt from precursor. As a result, the electrical properties of EBID-produced Pt 
evolve with thickness due to the carbon residue. For devices, two Pt leads with 500 nm 
thick and 250 nm wide cross sections are registered at the end of nanowires using pattern 
drawing in FEI DB235 SEM/FIB. The EBID deposition is a relatively slow process. Clip 
anchoring is preferred to carbon tapes to anchor the sample to reduce drifting during 
deposition. Contacts are then connected to the pre-evaporated Ti/Au pads by EBID Pt 
leads with identical cross-sectional area. The EBID leads exhibited a resistivity of 
38.3 10   cm−× Ω at both 80 K and 400 K in temperature dependent study. IBID Pt contacts 
with the same geometry are deposited under a 30 kV and 30 pA beam. The device 
structure is shown in Figure 3.4. The Pt is conformally deposited on the nanowire. 
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Figure 3.4. EBID contacted devices. (a) schematic of device structure; (b) tilted SEM 
images (scale bar: 5 µm). 
Devices contacted by electron beam induced deposition (EBID) show a rectifying I-V for 
both positive and negative biases with a light-to-dark current ratio of 5 under probe 
station halogen lamp illumination. Alternatively, devices contacted by ion beam induced 
deposition (IBID) exclusively exhibit perfect linear I-Vs two orders of magnitude higher 
(Figure 3.5b) and no noticeable photo response. However, the seemingly Ohmic behavior 
from IBID is proved to be misleading. A carefully conducted study revealed that the ion 
implantation area is much larger than the contact patterns. The ion beam exposure 
compromises the pristine nanowires. The Pt work function and electron affinity of GaAs 
suggest that deposited Pt contact, even with annealing, cannot be Ohmic. For a well-
focused 30 kV beam, the droplet shaped interaction volume is much larger than that of a 
nanowire. The implanted Ga ion are expected to have a lateral Gaussian distribution 
greater than 500 nm [64].  
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Figure 3.5. I-V characteristics of an (a) EBID device and (b) IBID device. Inset: SEM 
tilted view (scale bar: 1 um) 
The electronic transport and gating characteristics in GaAs nanowires are altered 
significantly by either direct or indirect exposure to Ga+ ion beam [65]. A group of 
representative I-V traces before and after ion beam exposure are shown in Figure 3.6. The 
solid curve corresponds to EBID-contacted device prior to the ion beam exposure. A 
single scan by the ion beam on the device region changed the I-V to the dashed curve 
whose current is almost two orders of magnitude higher. The area of ion beam scan is 
shown in Figure 3.6c as a dashed line box where a darker contrast is also seen.  
The measured transport in the Pt-contacted NWs can be described in terms of the MSM 
structure. The current increase by two to three orders of magnitude after ion-beam 
irradiation on nanowires is consistent with a relatively high-dose ion beam implantation. 
The ion stopping range of 30 kV Ga+ beam is calculated by the Transport Range of Ions 
in Matter (TRIM) simulation [66]. The results showed that the ion traveling distance 
peaked at 18.3 nm in GaAs. The distribution tail extends 50 nm under the surface. 
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Considering that the bare GaAs has a diameter between 40 nm to 100 nm. The 
implantation can be expected to reach deeply within each nanowire. In bulk GaAs, the 
implantation from Ga ion beam is expected to generate electrically active defects by 
creating acceptor states, which results in an increase in carrier concentration in p-type 
GaAs as a function of Ga ion dose [64]. The increase in currents in our devices indicates 
that the acceptor states, through implantation in the p-type nanowires, causing the Fermi 
level to move closer to the valence band. Changes in both nanowire conductivity and 
metal-semiconductor contact properties can be responsible for the observed substantial 
increase in conduction. The absence of light response in post-exposure nanowires is due 
to (i) the significant increase of the background dark current and (ii) the increased 
recombination rate due to the defects generated by implantation.  
 
Figure 3.6. The effect of ion beam exposure. (a) I-V traces before (solid) and after 
(dashed) ion beam imaging of EBID-contacted GaAs nanowires; (b) SEM top-view of 
device before ion exposure. (c) SEM top view of the same device after exposure (the 
dashed line box outlines the exposure area). (Scale bar 1 µm) 
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Further surprising results came from the observation that an IBID process in the vicinity 
of the nanowire devices which were contacted by EBID only also changed the device 
conductivity. In early studies, the nanowires were contacted and extended through Pt 
leads by a few µm from all EBID process. When connecting the leads to the Ti/Au pads, 
IBID was used to shorten the deposition time. To our surprise, however, the devices 
electrical characterizations changed similarly as the device exposed to ion beam imaging, 
indicating the ion beam lateral proximity effects implant Ga ions into nanowires at 
distance of several micrometers. To demonstrate the spatial proximity extent of ion beam 
exposure, the nanowire devices contacted by EBID were placed 10 µm away from an 
area that were consequently subject to IBID Pt of 500 nm in thickness by a 30 kV 30 pA 
beam. The equivalent area dose is 17 -23 10  cm× . The currents increased by more than one 
order of magnitude (Figure 3.7).  
 
Figure 3.7: The effect of IBID deposition in vicinity. (a) SEM top view showing the 
IBID Pt patch deposited near the nanowire; (b) I-V traces before (solid) and after (dashed) 
the IBID patch deposition. (Scale bar: 5 µm). 
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Although it has recently been reported Ga+ can be treated as atypical dopant in Ge[67], 
the lacking of any accurate control and destructive characterization nature still render 
IBID not suitable for contacting pristine nanowires. An in-situ device characterization 
after each ion beam exposure is possible in our equipment setup and will be worthwhile 
to be performed in future experiments. 
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Chapter 4: Probe Carrier Transport in Core-Shell Nanowires by Electron-Beam 
Induced Current (EBIC) 
 
A full picture of carrier transport in core-shell nanowires, especially as parallel 
conduction channels with drastically different properties, is highly desirable. 
Heterostructures in co-axial core-shell nanowires permit study of how finite size, shape, 
strain, interfacial atomic structure, defects, and surface states all influence electrostatic 
potential landscape and carrier conduction paths, thereby also enabling new 
nanoelectronic device paradigm. Local information about excess carrier transport within 
and between each component of the heterostructure is needed to understand device 
functionality. Additionally, increased surface-to-volume ratio in a nanowire is 
accompanied by surface traps [68], band bending [69], [70], and surface 
recombination[25], all of which affect intrinsic electronic properties and set challenges 
for interpreting measurement results. Remarkable advances have been seen such as Hall 
measurements in single nanowire device using special lithography with ultra-high 
resolution [71] and non-contacting all optical measurements for carrier dynamics [72]. 
However, understanding of coupling of carrier transport within core-shell nanowire 
components remains lacking.  Thus, local probing of nanoscale contributions from 
carriers within surface and sub-surface nanostructured components under device 
operating conditions brings new insight into device design and test. In this chapter, we 
first introduce the fundamentals of carrier transport which is used in data analysis later. 
The principle and experiment setup of EBIC measurements is followed. The last section 
discusses the results. 
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4.1 Carrier Transport Fundamentals 
 
To establish a full picture of carrier transport in semiconductor materials, the 
fundamental of non-equilibrium statistics and scattering mechanisms which analytically 
describe the interaction between carriers and lattice (and its defects) has to be considered. 
To avoid the introduction of complex mathematical treatment such as Boltzmann 
Transport Equation [73] or turn to sophisticated numerical methods such as Monte Carlo 
simulations [74], a few approximations are taken. 
In the low field regime, the transport is linearly dependent on the electric field. It is a 
natural result of relaxation which comes from scattering. The lattice vibration at finite 
temperature and the defects lead to deviation of the periodic potential from the ideal 
potential profile. The potential perturbation affects the motion of carriers, which is 
defined as scattering [75]. Under electric field, carriers gain momentum between 
scattering events. Commonly, the inverse of scattering rate is used as the average time. 
The force balance equation is given below using carrier effective mass cm  and average 
time τ .  
 cc field
m vdvm eE
dt τ
= − −   (4.1). 
The gain rate is balanced by the lost rate, which leads to a finite momentum on average at 
given electric field. The velocity in the corresponding momentum can be solved from Eq 
(4.1) at long time limit. 
 /(1 )field t
c
e E
v e
m
ττ −= − −   (4.2). 
33 
 
This velocity is defined as the drift velocity, using notation dv . Mobility is also defined 
as 
c
e
m
τµ = , which characterizes how large a carrier velocity can be achieved at given 
field. Apparently, a larger τ and smaller cm will lead to a faster carrier drifting in 
semiconductor materials. From the drift velocity, the current density can be written as the 
well-known Ohm’s law, 
 d d fieldJ env Eσ= − =   (4.3). 
The premise of this simple linear relationship between current and electric field should be 
always examined for high field or very short time. 
For many important semiconductor devices, it is the transport of excess carriers that 
determines the device behavior including solar cells, photodetectors [76], and our hot 
electron transfer devices [36]. The excess carrier generation mechanism is usually 
through photons (usually above Eg), probe injection, high energy particle beam injection 
etc. The existence of carrier is by nature non-equilibrium. When the generation source is 
removed, the excess carriers will be eliminated through recombination (i.e. the free-
moving excess electrons in the conduction band will lose energy and return to valence 
band). The rate of excess carrier recombination is proportional to excess carrier 
concentration at that moment. It naturally leads to the exponential time-dependence, 
 0( )
t
n t n e τ
−
∆ = ∆ ⋅   (4.4). 
It is apparent the τ here equals to the average decay time of excess carriers before being 
recombined, which, by definition, is the lifetime.  
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  (4.5). 
From generation to recombination, the excess carriers are able to move inside the 
material. The transport mechanisms are usually drift and diffusion. Spatially, carrier 
moves along concentration gradient or electric field within the recombination time, which 
is defined in Eq (4.4). Solving the continuity equations by balancing the current 
mechanisms, we can describe the carrier spatial distribution under given conditions. The 
analytical from is in the following. 
 
2
2
,2 0n drft n
n nL L n
x x
∂ ∆ ∂∆
− −∆ =
∂ ∂
  (4.6); 
nD is the diffusion coefficient in Fick’s diffusion law. If we define diffusion length and 
drift length as 1/2( )diff nL D τ=  and drft nL Eµ τ= , respectively, Eq. (4.6) can be written as , 
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  (4.7). 
The differential equation will have a solution in the form of 1 2/ /( ) x L x Ln x Ae Be−∆ = +   . 1L  
and 2L are in the form of, 
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From the above modified decay length involving the effect from the electric field, it can 
be easily seen that the length along the field will be extended while the one against the 
field is reduced. 
In the case of electron and hole having very different mobility in intrinsic materials, the 
separation of electrons and holes during transport can cause additional electric field 
which synchronizes the two types of carriers. The effect is more significant in majority 
carriers. 
A complete equation for diffusion includes the term in the spatial variation of the electric 
field. For electrons and holes diffusion toward one dimension, the equations write as 
 
2
2
( ) ( ) ( )
e e e
n
n n n n ED E n
t x x x
µ µ
τ
∂ ∆ ∆ ∂ ∆ ∂ ∆ ∂
= − + + +
∂ ∂ ∂ ∂
  (4.10), 
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∂ ∂ ∂ ∂
  (4.11). 
The first of these equations is multiplied by e eneσ µ=  and the second by h hneσ µ=  and 
then the two are added together. This yields a single equation, which is simplified by 
assuming that p n∆ = ∆  and n pτ τ=  only in the time derivative and recombination terms. 
The term involving the spatial variation of the electric field completely drops out of the 
resulting equation, and we are therefore free to make the latter assumption in the 
remaining terms, so that 
  
2
2
( ) ( ) ( )e h h e e h h e
p e h e h
D Dp p p pF
t x x
σ σ σ µ σ µ
τ σ σ σ σ
   + +∂ ∆ ∆ ∂ ∆ ∂ ∆
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  (4.12). 
36 
 
The ambipolar diffusion constant may now be defined as 
   ( )e h h e e hambi
e h e h
D D D D n pD
nD pD
σ σ
σ σ
+ +
= =
+ +
  (4.13). 
And the ambipolar mobility is similarly defined as  
   ( )e h h e e hambi
e h e h
n p
n p
σ µ σ µ µ µ
µ
σ σ µ µ
+ −
= =
+ +
  (4.14). 
It is clear from the latter results that, for strongly extrinsic material, it is feasible to use 
the diffusion constant and mobility of the minority carriers in describing the diffusion 
behavior of the minority carriers. On the other hand, in intrinsic material, where   the 
mobility and field effects drop out completely, and one needs only a simple diffusion 
model in which the effective diffusion constant is an average over those of each type of 
carrier. 
4.2 EBIC Technique and Setup 
 4.2.1 Local Probing for Nanometer Resolution 
 
Spatially resolved current mapping with local injection of excess carriers, e.g. EBIC and 
scanning photocurrent (SPC) yields characteristic lengths such as the depletion width at a 
Schottky contact [77], diffusion length at a p-n junction or within a homogeneous 
material [78], and defect-induced band bending [79]. EBIC and SPC are complementary 
to each other in excess carrier generation. EBIC has a better spatial resolution which is 
only limited by the beam spot than the optical diffraction-limited SPC. Sub-micron 
carrier transport channel is typical in both state-of-the-art transistors and nanowire 
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devices. Imaging along the nanowire radial direction demands even much finer resolution. 
EBIC in principle can is able to address the resolution requirements. Compared to the 
usual absorption depth of tens of nm in optical excitation, the interaction volume of e-
beam is deeper under the surface. Taking advantage of the large and controllable 
penetration depth of an e-beam, we demonstrate a highly versatile sub-surface function 
imaging approach by combining the selection of different beam energy regimes in EBIC 
mapping with Monte Carlo simulations of the trajectories of the scattered injected 
electrons.  
4.2.2 EBIC Setup and Sample Treatment 
 
The EBIC data were collected with a custom-build low-noise EBIC system (Mighty 
EBICTM by Ephemeron Labs) installed on a scanning electron microscope (FEI DB235). 
A transimpedance amplifier was used to convert the current signal into a voltage.  All 
measurements were done in a DC configuration. The circuit illustration is in Figure 4.1. 
The substrate (back-gate) was held at ground, the beam current for all acceleration 
voltages used was ~100 pA, and the dwell time at each pixel before measuring the signal 
was 0.5 ms. This duration is long enough for steady-state condition to establish.  
The sample is wire-bonded to a 28-pin chip carrier and then mounted to a fitting piece 
customized to SEM stage. The electrical connection between the data collection module 
and the fitting piece is by low-noise SMA cables.  
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Figure 4.1: EBIC data collection module circuit diagram. 
Although the SEM chamber is usually held in ultrahigh vacuum below 10-5 torr, for long 
scanning time the beam usually causes a thin layer of residue carbon being deposited on 
the beam scanning area. Samples experiencing long experiment cycles were routinely 
cleaned in gentle oxygen plasma to remove possible carbon layer which may change 
electronic properties through surface conduction. 
The raster scan is along the radial direction of the nanowire to minimize stage drifting 
and image shift. The scan resolution can be set through the control module. The scan 
resolution together with the field of view determines the physical resolution by pixel. 
Each raster scan begins on the left side of field of view, goes across the diameter of the 
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nanowire and ends on the right side. Then the beam moves toward the next line, pauses 
based on a set time constant to avoid current caused when beam moves back, and starts 
the next line scan. The secondary electron image is also recorded through a different 
channel at the same time. While the beam scanned on the side region, it probes shell only 
(Figure 2a). When the beam is on the core shell overlapping region, whether the beam 
can reach the core part depends on the beam energy and interaction volume in specific 
materials. The analysis and simulation is discussed in the next section.   
 
Figure 4.2: E-beam nanowire interaction. (a) Schematic of beam radial scanning and 
interaction volume of a low energy beam (orange) and a higher energy beam (red). (b)-(d) 
Monte-Carlo simulation of excess carrier generation by a (b) 3 kV, (c) 5 kV, and (d) 10 
kV beam. 
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4.2.3 Beam Energy Selection and Simulation 
 
For core-shell nanowires, a total diameter is about 200 nm. By selecting appropriate 
beam energy by adjusting the acceleration voltage, we can change the beam interaction 
volume. Monte-Carlo simulations by Casino 3.2 were used to estimate the interaction 
profile [80]. The nanowire geometry was also considered in the simulation. The 
generation rate of excess electron-hole pairs is estimated with a 3Eg model [81], 
 
1
3
beam
g
EG
E V
=   (4.15). 
The simulation space was 200 nm by 200 nm by 100 nm with a grid spacing of 1nm. The 
incident beam was scanned radially along the nanowire in 5 nm increments at beam 
energies of 3 kV and 5 kV, 10 kV and 15 kV.  
The result of simulation with 500 beam electrons is summarized in Figure 4.2 (b)-(d). At 
low accelerating voltage (Vacc < 3 kV), the beam, when scanned at the middle of the 
nanowire, mainly interact with the shell. At Vacc = 5 kV, a small portion of the beam 
electrons enters the core. At Vacc = 10 kV, the number carrier generation in the core is 
comparable with that in the shell. It is also noticed that the generation rate decrease when 
the beam energy is higher.  
4.3 EBIC Results 
4.3.1 Device Electrical Characterizations 
 
GaAs/Al0.24Ga0.76As core-shell nanowires used in EBIC study have core diameters of 60 
nm and surrounding shell thickness around 70 nm grown by MOVPE. To avoid 
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complication from effects due to electrical contacts [82], devices were prepared with 
Ohmic contacts on the ends of each nanowire with shell-etching. Details on fabrication 
have been discussed in previous Ch. 2.2. A field-effect hole mobility of 2 -1 -113 cm V s   is 
estimated from back-gate results shown in Figure 4.3 [83]–[85]. The field-effect mobility 
can be approximated as, 
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  (4.16); 
where the capacitance can be expressed as back-gated cylindrical nanowire form, 
 0
1
2
cosh
rC
R tL
R
πε ε
−
=
+ 
 
 
  (4.17); 
The value above is expected to be lower than the intrinsic core mobility due to the 
shielding effect from the shell and insufficient coupling and inhomogeneous field [86], 
[87].  
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Figure 4.3: Gate coupling on a representative single nanowire device from a back gate. 
Inset: the extracted transconductance over applied biases. 
4.3.2 Low kV EBIC Results 
 
For low kV beams (3 kV and 5 kV), the carrier generation mainly occurs in the 
Al0.24Ga0.76As shell. At zero bias, the signal profile along the center axis of the nanowire 
indicated in Figure 4.4(a) is anti-symmetric due to diffusion and injection-induced field 
(Figure 4.4(b)) [88]. The central anti-symmetric point corresponds to a net zero current 
from the equal number of carriers diffuse to either contact without preference. When the 
injection point moves away from the center (e.g. to the right), the induced field 
compensates the faster electron diffusion and a net positive current is reached in steady-
state. From 0 < biasV < 0.1 V the EBIC axial line profiles show a remarkable transition 
from anti-symmetric (bias applied to the left side), in which the diffusion and injection 
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induced field dominate the transport, to a peak shape with the same sign of excess current 
(Figure 4.4(c)). 
 
Figure 4.4: EBIC images and selected central axis line profiles at (b) Vbias = 0 V and (c) 
Vbias = 0.1 V. The central axis is indicated by the red dash-dot line in the SEM image in 
(a). (Scale bar: 500 nm) 
A closer look in the vicinity of zero bias shows in Figure 4.5 a continuous shift of the 
anti-symmetric point by increasing biasV  from negative 20 mV to positive 20 mV. At even 
higher positive (negative) bias, the negative (positive) part of the EBIC signal merges 
into the contact and the entire profile evolves into a uniform sign. Please note at such low 
biases, the effect of contact may also become noticeable. For instance, the anti-symmetric 
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point is only at the center of the nanowire for completely identical source and drain 
contact. 
 
Figure 4.5: 3 kV EBIC images in the vicinity of zero bias. (a) Series of EBIC images 
collected -20 mV < Vbias < +20 mV. Red dots indicate the location along the nanowire 
where the sign of the current changes. (b) The EBIC central axis line profiles extracted 
from (a). Profiles are offset by 50 pA for clarity. 
By introducing a larger uniform external electric field along the length of the nanowire, 
the signal is significantly enhanced due to the drift current of the majority carrier. The 
contributions from the two mechanisms of transport, diffusion and drift, form a self-
consistent carrier propagation pattern characterized by a joint decay length.  In EBIC 
profiles along axial direction, a peak appears (shown in Figure 4.6) indicating a transition 
of current from electron-limited to hole-limited [89]. Specifically, by moving the 
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injection point away from the peak, the number of excess carriers reaching their 
respective collecting electrode decays exponentially. The sign of the current over the 
entire nanowire is unidirectional. The contribution of drift component becomes more 
significant at higher bias. When the bias is increased, the peak shifts toward the carrier 
collector for which the corresponding type of carrier has lower mobility.  
 
Figure 4.6. EBIC under Vbias at 5 kV. (a) EBIC maps of a single nanowire device at Vbias 
from 0.1 V to 0.5 V. White dashed vertical lines indicate the location of the contacts 
extracted from the secondary electron images collected simultaneously (e.g. top SEM 
image; Scale bar: 500 nm); (b)Line profiles along nanowire axial direction. Best fittings 
are shown in solid lines (black) on both sides of the EBIC signal maxima. 
At Vacc = 5 kV, the beam mainly interacts with the shell. The peak shift is not significant 
since Al0.24Ga0.76As has low electron mobility and the mobility difference between 
electrons and holes is not sufficient to cause a noticeable shift. Indeed, a small fraction of 
injected electrons penetrates deep enough to reach the high-mobility GaAs core. When 
the bias increases from 0.1 V to 0.5 V, the electron decay length obtained by exponential 
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fitting evolves from 0.60 µm to 1.05 µm (Figure 4.7) and the hole decay length from 0.31 
µm to 0.68 µm. These results indicate that coupling of drift with diffusion dominates at 
zero or low bias.  
 
Figure 4.7: The electron drift component (solid squares) is separated from the joint decay 
length (open circles). The straight line is a linear fit of the drift length versus Vbias. 
A shift in the peak position toward the hole collector is observed for biasV  > 0.4 V as well 
when the core drift current component becomes large enough. The direction of peak shift 
depends on which type of carrier has the superior mobility. To be more specific, the peak 
shifts toward hole (electron) collector when the electron (hole) has higher mobility. The 
extracted lengths are also typical for Al0.24Ga0.76As [90]. Under bias, symmetric diffusion 
of carriers from a point injection will be disturbed: the decay length will be altered, those 
along the applied field extended and against the field shortened. A more quantitative 
approach can be understood from derivations in Section 4.1. The derived drift component 
can be expressed as 
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by inversely solving Eq. (4.8), where drift length is defined by ,drft n n nL Eµ τ= , 1L  is the 
measured decay length, and ,diff nL  denotes pure diffusion length at zero bias. 
From the drift component, important transport parameters are uncovered. With an 
electron lifetime of ≈ 2 ns is expected [25],  our result estimates a shell electron mobility 
to be ≈ 10 2 -1 -1cm V s . The value is lower than the bulk value probably due to surface 
oxidation and doping. Considering the additional contribution from the GaAs core at high 
bias, the actual value may be even lower. 
The low voltage beam probes the nanowire shell, shows carrier transport mechanisms, 
and provides estimation of mobility. We further discuss the more complicated case in 
high kV scenarios where the signal is from both the core and the shell.  
4.3.3 High kV EBIC Results 
 
As shown in the simulation in Figure 4.2, larger accelerating voltages, coupled with nm- 
scale lateral resolution, enable high selectively in sub-surface nanostructure component 
transport characteristics. For instance, with Vacc = 10 kV and aforementioned nanowire 
geometry, the beam interaction volume intersects the GaAs core. When the intersection 
happens, the signal has contributions from both the core and the surrounding shell (Figure 
4.8). When the beam is injected such that the beam axis intersects the nanowire in the 
plane parallel to the substrate at radial location r1 < r < r2, where r1 and r2 denote the core 
and shell radii (as illustrated in Figure 4.8(a)), respectively, the signal is expected to be 
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dominated by the transport characteristics of the shell. Integration of Monte Carlo results 
of excess carrier density generated in each region (i.e. core or shell) enables construction 
of spatial profiles and differences in generation rates when beam scans along the 
nanowire radius within the core and shell. In Figure 4.8 (b), such integration shows when 
the beam scans at the central point, the number of excess carriers generated in the core is 
comparable with that in the shell. Indeed the central profile involves both the core and the 
shell. Since the core electron mobility is expected to be significantly higher, the average 
joint decay length is expected to increase as a result. 
 
Figure 4.8: Beam energy-selective EBIC at 10 kV revealing transport in GaAs core. (a) 
Illustration of beam interaction with the two parallel transport channels having different 
excess carrier transport properties. The different length of red arrows indicates the 
mobility difference. (b) Carrier generation dependence on beam incident positions 
obtained by integrating in core and shell areas in the cross-sectional trajectory map in Fig. 
4.2(d). (c) Comparison of the EBIC line profiles under Vacc = 5 kV (black) and Vacc = 10 
kV (red) at Vbias = 0.5 V. Inset shows evolution of the decay lengths in corresponding 
colors. 
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A direct comparison between scans under a 5 kV beam and a 10 kV beam at biasV  = 0.5 V 
(Figure 4.8(c)) is shown. A clear increase of decay length at 10 kV is seen. In fact, such 
increase in the entire bias range from 0.1 V to 0.5 V (Figure 4.8(c) inset). The difference 
demonstrated that a high mobility core contributes to the overall EBIC with a dominating 
drift current component. 
Even more striking differences in the EBIC profiles are shown in Figure. 4.9. The line 
scans are extracted along the central nanowire axis and side axis within the shell region, 
which reveal the effects of different carrier properties in the core and shell, respectively. 
The specific line extraction axis is indicated on the SEM SE images on Figure 4.9(a) by 
dash-dot lines. For the center profile where e-beam interacts both the core and the shell, 
shifts in the location of the observed peak with different bias are opposite that for the side 
profile, where only shell is concerned. Monte-Carlo simulations results for center and 
side beam positions are provided for direct comparison in Figure 4.9(b) and (c). It is 
clearly shown that the side beam injection area is mostly confined in the shell.  
The direction of EBIC peak shift depends on the mobility difference. At low bias (Vbias < 
0.1 V), both profiles shift toward the hole-collecting electrode on the right. However, 
when Vbias > 0.2 V the opposite direction of peak shift between the central and side 
profiles is observed due to the dominance of the core contribution at larger bias.  
These results explicitly demonstrate that transport characteristics near a sub-surface 
heterostructure can be resolved to within ~10 nm in the imaging plane. The fact that 
transport in core contrasts with that in shell in terms of mobility difference confirms the 
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existence of two parallel channels in our single core-shell nanowire device, which 
manifests itself an ideal building block for hot-electron transfer devices. 
 
Figure 4.9: Contrast of EBIC profiles along central axis and side axis in shell only region. 
(a) Auxiliary dash-dot lines SEM images with showing positions of extracted central 
(black) and side (red) profiles. (b) and (c), Monte-Carlo simulation for a 10 kV beam 
with beam injection placed on center and side of the nanowire; (d) Extracted line profiles 
with corresponding colors (black for center and red for side). (Scale bar: 500 nm) 
Radial profiles collected using different Vacc reveal carrier and transport types, and degree 
of coupling between core and shell channels. Extraction of a series of radial profiles 
collected using Vacc = 3 kV and 10 kV at zero bias along different axial positions reveals 
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unexpected changes in the sign of the current in several profiles (Figure. 4.10). Parallel 
transport channels from the core and the shell can be discerned at 10 kV. Significantly, 
current sign inversion from core to shell within a radial scan at the same axial channel 
position further indicates carrier transport in the two channels is partially decoupled (i.e. 
the core and shell channels possess their respective zero bias profiles while the 
interaction between channels is negligible). Unlike carriers with different properties in 
homogeneous material tending to form a self-consistent ambipolar coefficient, the energy 
barrier at the core-shell interface impedes the interaction between two individual 
transport channels.  
 
Figure 4.10: High-resolution radial profiles at zero bias. (a) and (c) Radial line profiles 
extracted at 200 nm intervals with with Vacc = 10 kV and Vacc = 3 kV from EBIC maps (b) 
and (d) respectively, where black dashed lines denote the corresponding axial locations 
from which profiles in (a) and (c) have been extracted. Radial line profiles presented in (a) 
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and (e) have two colors: red indicates positive current and blue negative. Grey areas in (a) 
and (c) denote areas exterior to the nanowire. Radial current profiles are offset by 20 pA 
in (a) and 10 pA in (c) for clarity. (Scale bar: 200 nm) 
When the beam interacts only with the shell the difference in the current profiles is 
limited to only amplitude since the decay length is expected to be uniform in 
homogeneous material. The EBIC scan in Figure 4.10(d) is identical to Figure 4.4(b), 
duplicated for direct comparison. 
 
Figure 4.11: Monte-Carlo simulation of carrier generation dependence on depth (z-
direction) by integrating in x-y surface. The beam is focused at the center of the top 
surface of nanowire. 
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A complete understanding in the correlation of transport between core and shell requires 
a quantitative deconvolution of the mixed signal at high kV, which is beyond the scope of 
the thesis. However, the simulations indeed have provided a complete picture of carrier 
generation rate (Figure 4.8b and Figure 4.11). Challenges exist in understanding the role 
of type-I band offsets and carrier exchange between the channels. 
4.4 Summary 
 
We have shown in this chapter the transport in the core and shell are resolved by EBIC. 
The results confirmed the parallel carrier transport channels in core and shell with 
drastically different properties. The coupling of unprecedentedly fine lateral resolution in 
current imaging with electron energy-based depth, guided by simulated electron 
trajectories now opens the possibility of simultaneous nanoscale discrimination of carrier 
type and dominant transport mechanism selectively within different media in 
heterogeneous nanoscale electronic devices. 
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Chapter 5: Tunable Hot Electron Transfer Devices on Single Core-Shell 
GaAs/AlxGa1-xAs Nanowire 
 
5.1 Real Space Transfer in Heterostructured Semiconductor 
 
The concept of real space transfer (RST) was first introduced by Karl Hess [91] on 
semiconductor heterostructure. It can be defined as the physical process that the 
thermionic emission of hot electrons over interface band edge discontinuities, in the 
presence of electric field parallel to the interface, to neighbor materials which are 
different in their properties, e.g. mobility [92]. The concept was well demonstrated both 
in theory using electron temperature model and Monte-Carlo simulations [93], [94], and 
by extensive experiments including novel devices [95]–[98]. Not limited to thermionic 
mechanism only, tunneling of hot carriers through interface energy barrier has also been 
seen in real space transfer devices [99], [100].  
One of the most important device characteristics associated with RST is negative 
differential resistance (NDR). When RST occurs in a type-I heterostructure in which the 
material electrons transferring to has a much lower electron mobility, the total current 
decreases at larger bias when a large proportion of electrons transferred into the slower 
channel of low mobility. The analytical from is the following: 
 [ ]1 1 1 2 2 21 ( ) ( )totJ en F E E en F E E en Eµ µ µ= − + +   (5.1) 
where subscriptions 1 and 2 denote core and shell, respectively, and n  is electron 
concentration; µ  is the mobility; ( )F E  is E field dependent transfer rate of the fraction 
of electrons transferring from core to the shell. 
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A simplified model is used to calculate the transfer rate based on material properties 
(mobility 1,2µ  and band offset CE∆ ) for qualitative discussions. The model assumption is 
electrons in GaAs with energy (gained from electric field) higher than the conduction 
band offset transfer to the neighboring AlGaAs shell. The distribution of electrons under 
electric field is approximated as Boltzmann-like modified by the electron-temperature 
model: 
 ( )( )
F F
e L
E E E E
kT k T Tf E e e
   − −
− −   
+∆   = =   (5.2) 
where eT  is electron temperature, which is correlated to the electric field. 
The transfer rate F can be expressed as 
 
( ) ( )
( ) ( )
C C
C
E E
E
g E f E dE
F
g E f E dE
∞
+∆
∞
⋅
=
⋅
∫
∫
  (5.3) 
where ( )g E  is density of states, proportional to 0.5( )CE E− . 
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Figure 5.1: Calculation results from simplified electron temperature model. (Left) the 
effect of electric field on the distribution of electrons with the blue horizontal dot line 
indicating the position of interface energy barrier ( CE∆ ) and red filled area indicating 
electrons having sufficient energy to transfer. (Right) The corresponding transfer rate and 
current density dependence on electric field. 
The calculation result is summarized in Figure 5.1. It is seen that the NDR region is 
formed when the transfer rate is sufficiently high. Continuing transfer rate at high electric 
field is overestimated due to (i) a reduced mobility at high field and (ii) depletion of 
channel at high transfer rate self-consistently saturates the transfer rate.  
5.2 Geometrical Considerations for RST in Cylindrical Core-Shell Nanowires 
 
Heterojunction interface shape is an important consideration in the probability of hot 
electrons to undergo RST. We consider the cases of the cylindrical GaAs core – AlxGa1-
xAs shell with a core radius of R (Figure 5.2(a)) and the planar structure – a GaAs layer 
of thickness t (≡2R) sandwiched between layers of AlGaAs (Figure 5.2(b)). We assume 
that electron-electron scattering randomizes the momentum distribution (as is also 
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discussed in Section 5.4) while not changing electron drift velocity, and we assign an 
energy relaxation length L for hot electrons to lose the additional energy to enter the 
AlGaAs shell. We assume that the nanowire core diameter 2R and GaAs film thickness t 
are each small in relation to the optical absorption depth so that the density of photon-
excited electrons is uniform within the GaAs nanowire core (film), but large in relation to 
the Bohr excitonic radius. While ( ) 0V r∇ ≠  in the core (and ( ) 0V z∇ ≠  in film) near 
their respective heterojunction interfaces, the form of ( )V r ( ( )V z ) is not known a priori 
and it is omitted in the present model for simplicity.  
 
Figure 5.2: Schematic illustration denoting energy relaxation length L in relation to 
nanowire core diameter and planar layer thickness. 
Defining the hot electron density as ρ , within the cross-sectional area of a core-shell 
nanowire (Figure 5.2(a)) for electrons located on a cylindrical surface at a distance of r to 
the center, the electron density per unit length is 2 r drπ ρ ⋅ . We define a sphere of radius 
equal in value to the energy relaxation length L on any point on this surface. The solid 
angle over which the sphere intercepts the core-shell interface can be expressed as 
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2 2( )( ) 2 (1 cos ) 2
2
r L Rr
rL
π θ π
 + −
Ω = − =  
 
  (5.4). 
RST occurs only for the fraction of hot electrons having vector components of 
momentum that fall within the angular range denoted in yellow in Figure 5.2(a). The 
probability of a hot electron to enter the shell is then 
 
2 2( ) ( )( )
4 4
r r L Rf r
rLπ
Ω + −
= =   (5.5). 
The total number of electrons in the GaAs core that undergo RST is thus 
 
2
2 ( ) 
2 3
R
NW
R L
LN rf r dr RLππρ ρ
−
 
= = + 
 
∫   (5.6). 
Using a similar argument the total number of electrons in the planar structure (Figure 
5.2(b)) having the same cross-sectional area that undergo RST is 
4planar
N R Lπ ρ= ⋅ , and 
so NNW is always larger than planarN . Even for the extreme case 2R L  in which the 
electrons which can enter AlGaAs are limited to a thin layer adjacent to heterointerface, it 
is seen that 2NW PlanarN N≈ . Though coupling of electrostatic gating, incident photon flux, 
and incident photon wavelength on RST and transport characteristics in the planar 
geometry cannot be ruled out, such effects have not been reported previously. 
Significantly, the stronger, quadratic (compared with linear) power law dependence of 
NWN  in L compared with NWN  owing to the larger fraction of hot electrons that can 
participate in RST suggests that the application of electrostatic gating, incident photon 
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flux or incident photon wavelength modulation has a much larger effect on the character 
of the RST.  
In conclusion, we have shown in this section that core-shell nanowires have fundamental 
geometry advantage for RST devices over thin films. 
5.3 Hot-Electron Transfer of Photogenerated Carriers 
 
We observed RST from photogenerated carriers in single nanowire devices. The core-
shell nanowires exhibit significant photocurrent sensitivity at 300 K in their low-bias 
voltage response to either monochromatic laser or broadband illumination as evidenced 
by remarkably small dark current (< 50 fA), amounting to more than 3 orders of 
magnitude in the linear variation in the photocurrent. A nearly linear photocurrent-
voltage relationship for small DC bias indicates that photo-generated carriers in the core 
encounter a negligibly contact barrier at the Ohmic contact when collected. However, the 
application of a larger bias shows the NDR feature in photocurrent.  
 
Figure 5.3: Schematic electronic band diagram depicting the RST of photoexcited 
electrons from the nanowire core to the shell conduction bands under large bias field Eext. 
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We define the threshold voltage thV  by the onset of the NDR. For bias thV V≈  photoexcited 
electrons in the GaAs nanowire core can acquire sufficient energy from the large 
component of E parallel to the nanowire axis, exceeding the GaAs/AlGaAs conduction 
band offset CE∆ . We have a detailed discussion of the value of CE∆  for GaAs/AlGaAs 
and how it can be measured on single nanowire device in Chapter 6. Here, we simply 
give the measured band offset value for GaAs/Al0.33Ga0.67As at 0.262 eV. It is noticed 
that the conduction band offset is lower than the transition energies associated with 
different conduction band minima [ LEΓ−∆ (0.29 eV) and XEΓ−∆  (0.48 eV)]. Either the 
measured value 0.262 eV and documented value 0.255 eV is lower [101].  
For sufficient large E, the RST of photoexcited electrons from the higher electron 
mobility NW core to the lower-mobility and wider-gap shell form the NDR observed 
(Figure 5.3). A variation of Eq. (5.1) substitutes the excess electron concentration 
generated by incident photons for the equilibrium concentration. The photocurrent 
density, termed as J ω , can be described by 
 1
dJ dFe n F E
dE dE
ω δ µ µ µ = − ∆ − ∆  
   (5.7); 
where 1 2µ µ µ∆ = − . 1µ  and 2µ denote GaAs core and AlGaAs shell electron mobilities 
(typical bulk value are ~ 8000 2 -1 -1cm V s [102] and 2 -1 -1 500 cm V s≤  [101]), respectively. 
nδ is the concentration of photo-induced electrons within the GaAs core. F is E field 
dependent transfer fraction. A peak in the current is expected when / 0dJ dEω = , i.e.,  
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 1 dFF E
dE
µ
µ
= +
∆
  (5.8). 
Due to the complexity of solving the Boltzmann transport equation involving RST, 
Monte-Carlo simulations are usually applied to simulate the velocity v - E relationship 
[91], [94], [103].  Assuming E is constant along the axis of the NW, we estimate that our 
measured Vth corresponds to E ≈ 10 kV/cm. This is comparable to the value of ~ 3 kV/cm 
in bulk structures calculated by Monte Carlo simulations[94] and obtained experimentally 
[96]; an increase is consistent with predictions of increases in threshold voltage for 
decreased dimensionality from bulk to two dimensions [91]. 
5.4 Tunable NDR through Three External Modes 
5.4.1 Tuning NDR by Photon Energy  
 
The rate of RST in the coaxial nanowire can be manipulated through three external 
modes. The tunability, in retrospect, provided the evidence for RST itself. RST is directly 
related to the energy that a hot electron accrues from the incident photon energy. Incident 
radiation with a larger energy difference ,( )g GaAsE Eω −  will generate a broader 
distribution of electron energies in excess of ,g GaAsE  (and higher electron temperatures), 
requiring a lower electric field to undergo RST. In fact, we verified this dependence by 
observing a shift in Vth with incident photon energy, i.e. / 0thdV dE ω < (Figure 5.4).  
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Figure 5.4: NDR tunability from incident photon energy (trace is normalized by the peak 
current at Vth). Inset: decrease of Vth for increasing laser excitation energy. 
In addition to its potential application for a wavelength-selective non-linear device 
element, significantly, this finding also indicates that the transit time for electrons to 
reach RST threshold is comparable to, or shorter than, the hot electron cooling time. This 
introduces the potential for this device in high-frequency RST-based nano-scale 
optoelectronics. 
5.4.2 Tuning NDR by Electrostatic Gating 
 
The fact that the interface of a core-shell nanowire is always perpendicular to both 
conduction channels in core and shell indicates that a radial component of momentum to 
the electrons in the GaAs is needed to enter the AlGaAs shell transversely. One way to 
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provide this momentum is by applying an additional field along the radial direction to the 
entire length of the nanowire by electrostatic gating, given its radial proximity to the back 
gate electrode and the highly conductive degenerately-doped Si substrate. Intuitively, the 
same field in principle also inhibits the transfer on the top half cylindrical interface which 
may cancel the enhancement on the bottom half. Fortunately, however, the non-
uniformity in the radial field distribution resulting in a net enhancement is expected [86]. 
The maximum field is reached where the nanowire is in physical contact with the gate 
oxide (Figure 5.5).  
 
Figure 5.5: (Left) Equipotential contours of nanowire cross-sectional plane in a back-
gate device mode from simulations. Inset: magnified images of the Si nanowire with 
contour lines 1 mV apart from each other. (Right) The net space charge distribution for 
20 nm radius Si nanowire with 0.1 V back-gate and n-type doping of Nd = 17 -35 10 cm×
(from [86]). 
When the gate voltage is positive, the additional field enhances the transfer rate. The 
measured photocurrent vs Vbias with substrate gating demonstrates that Vth can be tuned 
by up to 50%, with / 0th gdV dV <  (Figure 5.6).  
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Figure 5.6: NDR tunability from substrate back-gating Vg (trace is normalized by the 
peak current at Vth). Inset: the increase of Vth for larger negative gate voltages. 
The asymmetric NDR response of our devices to gating can be understood by considering 
the additional contribution to the overall capacitance owing to the NW shell-core 
interface in the form of a bipolar (n-p) junction-isolated channel.  Electron transfer across 
the NW heterojunction under Vg > 0 is analogous to a negatively biased p-n junction, in 
which saturation can be attained with small Vg.  For Vg < 0, however, the bipolar channel 
is under positive bias and saturation is not observed for an appreciable range of Vg. A 
more detailed study of the extent of applicability of RST to observations of NDR on 
photocurrent in core-shell nanowires should consider momentum and energy relaxation 
mechanisms under E. However, on the basis of the strong electrostatic gating effect, of 
estimates of energy differences between the conduction band offset and transition 
energies associated with different conduction band minima in k-space, and of the 
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observed excitation energy dependence of RST, we assert that it is much more 
energetically favorable for electrons to undergo RST than inter-valley transition(s) [101], 
[104].  
5.4.3 Tuning NDR by Photon Flux 
 
Under high E-field, electron-electron scattering contributes to randomizing energy gained 
from the E-field along the channel, resulting in an increased momentum relaxation rate 
and a shorter timescale for the carrier distribution to reach steady-state [91], [105], [106]. 
This is particularly beneficial for RST since the randomization process enables a larger 
fraction of electrons in the channel to have a sufficient large radial component of 
momentum to transfer across the interface. 
Based on the principle that electron-electron scattering rate is a function of carrier 
concentration (in our case nδ ), we investigated the effect of this scattering rate on the 
onset of RST by varying the optical excitation intensity I ω .  Significantly, we observe 
that Vth can also be tuned by ~50%, with / 0thdV dI ω < over the range 0 < I ω  < 14.1 
mW/cm2 (Figure 5.7). If electron-electron scattering is not considered, the intensity 
difference only cause an increase of excess carrier density and the transfer rate does not 
change. Below a threshold excitation intensity, however, the NDR feature is diminished, 
likely due to insufficient electron-electron scattering.  
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Figure 5.7: NDR tenability from incident optical intensity, as denoted in the legend. 
(Inset: dependence of Vth with intensity.) For the blue trace, the low intensity diminishes 
the NDR peak. 
5.4.4 Calculation of Transfer Rate F with Gate Tuning Results 
 
The relation in Eq. (5.5) permits an estimation of the important variable F at Vth as a 
function of electric field E and thus Vbias. For example, we derived the F-Vth relationship 
at various gate voltages Vg and compared our results with the experimental data. It is 
obvious that Vth is reached when / 0dJ dEω = , which leads to Eq. (5.6). As a first-order 
linear ordinary differential equation, the general solution can be written as 
 1 1 1
th th
CCF
E V
µ µ
µ µ
= + = +
∆ ∆
  (5.9) 
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where C  and 1C are integration constants and 1C C l≡ ⋅ , and l  denotes channel length. 
Experimentally, F at Vth can be expressed as ' '( ) /th th thV V VI I I− , where I' is the linear-fitting 
function from nearly linear region at small Vbias. 
By inserting one experimentally determined initial value, we obtain a special solution and 
construct the relationship between F and Vth. In Figure 5.8, a comparison of F-Vth 
between experimental results and direct calculation (under several selected 1 /µ µ∆  
values) is given. 
 
Figure 5.8: Comparison between experimental results and calculation of F-Vth 
relationship. Determination of parameter F from experimental data is denoted in black 
squares. Red crosses, green circles and blue triangles corresponds to calculation results 
using selected different values of 2µ (500, 200 and 50 
2 -1 -1cm V s , respectively). 
The calculation showed a close agreement with the experiment. A range of values of shell 
mobility differences were considered; the change of 1 /µ µ∆  in calculation showed that a 
larger µ∆  yields the best agreement among the values considered. 
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5.5 Non-Linear RST Devices 
 
The introduction of a single nanoscale element possessing electrically and optically 
tunable complex impedance opens the possibility of assembling integrated circuits, 
including oscillators, amplifiers, phase shifters, frequency multipliers, phase-locked loop, 
and laser switches, using fewer and far smaller elements, and with the versatility of a 
highly local optical interface [18]–[20], [107], [108].  
Based on the RST device I-V characteristics, we propose device functions as phase 
shifter and frequency multiplier of ac small signal. The concept is illustrated in Figure 5.9. 
When an ac modulation voltage signal is introduced to the RST nanowire device showing 
static NDR, the output ac current is expected to be very different. As labeled by i, ii, and 
iii, the device keeps, inverses, and doubles the frequency of the input signal, respectively. 
 
Figure 5.9: RST non-linear device illustration. (a) Tunable NDR I-V curve with the 
superimposition of an ac voltage (magnitude denoted by red dual arrows) in three regions 
indicated by red dash lines; (b) the corresponding ac current output in the three regions in 
(a). 
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As a more general device operation mode, the phase of the output ac current continuously 
shifts from that of the input ac voltage when the device bias changes. We used an Agilent 
33120A function generator to superimpose a small ac sinusoidal voltage modulation (50-
250 mV, 50-1000 Hz) to the static NDR dc under incident photon flux. The output 
current is fed to a SR830 lock-in amplifier with input modulation as reference signal.  
 
Figure 5.10: (a) Top: photocurrent traces for selected values of incident power: 14.1 mW 
(red), 9.7 mW (yellow), 5.2 mW (green), 3.9 mW (blue), and 2.85 mW (magenta); 
bottom: measured 2ω photocurrent signals associated with a small (250 mV) ac voltage 
modulation (50 Hz) bias applied to the nanowire about Vth; (b) demonstration of control 
of photocurrent phase with DC Vbias for fixed incident power. The vertical dashed red line 
denotes the value of Vth obtained from a DC I-V trace under identical intensity; and (c) 
top: arbitrary time series of incident light power selected to shift the value of Vth in 
relation to a fixed Vbias = 2.4V; bottom: corresponding 2ω signal, demonstrating optical 
amplitude modulation of non-linear response. 
We demonstrate full-wave rectification by modulation frequency doubling. The doubled 
signal magnitude is maximized when the NDR peak coincides with the dc bias. It can be 
achieved either by tune the NDR peak Vth to applied bias Vbias through the aforementioned 
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three external modes, or change the Vbias to where Vth is located under specific condition. 
For instance, we show the results of the 2ω signal intensity when the NDR is tuned by 
photon flux (Figure 5.10(a)). For fixed incident power, the phase difference (between that 
of the ac voltage applied to the device and the generated ac photocurrent) φ∆  can be 
tuned continuously by bias voltage with / 130 / Vd dVφ = ° (Figure 5.10(b)). It 
demonstrated the potential for these CSNW devices as programmable phase delay 
elements and for use in frequency multiplication.  Further, the 2ω current response to a 
sequence of arbitrary-amplitude light pulses incident upon the CSNW device under ac 
bias voltage (Figure 5.10(c)) demonstrated optical amplitude control of nonlinearity in 
photocurrent. 
We also examined the device operation at higher frequency. Despite limits from parasitic 
capacitance which overwhelms the device 2ω signal by parasitic loop through substrate, 
devices are shown to be capable of operating up to 1 kHz at 300 K when significant 2ω 
maxima at Vth still remains. For 1 kHz, a relatively high power laser illumination (Ti:Sapp, 
30 mW, 800 nm) used to ensure the ac component of photocurrent is sufficiently large 
compared to the parasitic ac current. Figure 5.11 summarizes a series of device 
characteristics at 200, 500, and 1000 Hz. 
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Figure 5.11: high frequency performance. 2ω signals under a 250 mV ac voltage 
superimposed on the DC bias at ω = 200, 500, and 1000 Hz. 
5.6 Polarization Effect 
 
The core-shell nanowires that feature RST-based NDR in photocurrent also exhibit 
polarization-sensitive response under 800 nm Ti:Sapp laser illumination. Shown in 
Figure 5.12 are the measured photocurrents for different values of incident polarization 
angle with respect to the nanowire axis, where the traces are normalized by the laser 
power since by changing the polarization, the power changed slightly as well. The 
variation with angle is consistent with numerous published reports of polarization-
dependence in photocurrent in both single nanowires and core-shell nanowires by a factor 
of 2cos θ . 
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Figure 5.12: Polarization-dependent photocurrent. (a) Normalized photocurrent with 
polarization angle (relative to nanowire axial direction); (b) selected normalized 
photocurrent vs. polarization angle at Vbias = 1 V (red) and Vbias = Vth (black). 
5.7 Enhancement of RST 
5.7.1 Temperature 
 
We investigated the temperature dependence of the photocurrent in our core-shell 
nanowires from 300 to 4.2 K. The strong NDR feature can also be seen at 4.2 K under 
higher power (0.33 mW) monochromatic laser illumination, where a nA scale 
photocurrent and a more than 2:1 peak-to-valley photocurrent ratio are observed (Figure 
5.13). While a decrease in the low-bias photoconductance G ω  under a lamp illumination 
for decreasing temperature T from 300 to 150 K is seen, there is a remarkable absence of 
systematic variation in G ω  over the range from ~ 160 to 4.2 K (Figure 5.13(c)). These 
results indicate that, for 𝑇 ≤ 160 K, photoexcited carrier are not appreciable scattered by 
phonons in these devices. It is also noted the NDR peak width is reduced significantly at 
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low temperature. A steep NDR region is promising for an ideal phase shift or frequency 
doubling device.  
 
Figure 5.13: Measured nA-scale photocurrent at low temperature at (a) 4.2 K and (b) 77 
K under Ti:S laser irradiation. (b) Current at a fixed Vbias (< Vth) plotted as a function of T. 
The absence of a thermally activated contribution to the photocurrent response over this 
range of T as seen in (c) indicates that the scattering of photoexcited carriers by phonons 
is not significant. 
5.7.2 Materials 
 
The rate of RST is also depending on materials. Apparently, the mobility difference is the 
origin of the NDR. A pristine core with high mobility and a doped Al with possible 
surface scattering can be optimized for device performance. Additionally, we show here 
that the Al composition also significantly affect the tunable RST, especially the tuning 
from photon energy. We understand that the mechanism of peak tuning by photon energy 
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is closely related to the hot carrier cooling process. A lower CE∆  from a lower x in 
AlxGa1-xAs actually can prolong the cooling time at a given photon energy ω . The 
calculation from Section 5.1 also confirms the reduced interface energy barrier also 
increases the transfer rate F intrinsically (Figure 5.14(a)). We observed in 
GaAs/Al0.24Ga0.76As nanowires, with almost identical growth conditions and nanowire 
geometry, a much larger Vth decrease with increasing photon energy (Figure 5.14(b)). 
Compared to the GaAs/Al0.33Ga0.67As in Figure 5.5, the tunability defined as /thV λ∆ ∆  
increases from 4 mV/nm to 30 mV/ nm. 
 
Figure 5.14: (a) Calculation results (normalized by peak current) shows the effect of Al 
composition x in current-field relationship. (b) I-V curves from a representative 
GaAs/Al0.24Ga0.76As nanowire RST device collected under Ti:Sapp laser illumination at 
selected wavelengths. 
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Chapter 6: Direct Measurement of Band Edge Discontinuity in a Core-Shell 
Nanowires 
 
6.1 Band Edge Alignment in GaAs/AlxGa1-xAs Heterostructure Interface 
 
Heterojunctions have been, for a long time, one of the most extensively studied areas in 
solid state physics. A broad interest is stimulated by the wide applications in high speed 
electronics and optoelectronic devices[109], quantum well lasers[110], and energy 
applications[111],[112].  
Energy band diagram on each side of the junction is a result of equilibrium charge 
distribution from discontinuity. In an ideal abrupt heterojunction, the band edge 
discontinuity (also seen in literature as “conduction/valence band offset”) is under the 
principle of electron affinity difference, i.e. 1 2cE χ χ∆ = − , which  is known as the 
Anderson Rule [113]. It provided an intuitive physics image and predicts the general 
trend among different material groups. When two materials contact each other and form a 
junction, the Fermi level will level up by mutual charge motion. At infinitely far away 
from the junction, the relative band level among CE , FE , and VE  will be the same as the 
homogeneous material itself (Figure. 6.1). Since the band alignment is known, the rest of 
band structure can be derived directly from Poisson equation with the boundary 
conditions. For example, the depletion region is in a form of 
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  (6.1). 
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The analytical solution offers a quickly estimate of band bending, depletion region 
extension and electrostatic coupling length. 
Historically, however, Anderson’s theory was proved too ‘coarse’ or idealistic because 
the interface atom rearrangement and interface dipole caused a significant deviation [114].  
 
Figure 6.1: The heterojunction band diagram before and after contact. (From [102]) 
For a higher level of precision, the theory is hampered by the deviation from ideal abrupt 
junction. A summary of experimental results of band offsets with their respective eχ∆  
values by Bauer et al can be found in Figure 6.2(a) [115]. No direct correlation is found 
in heterostructure interface grown by various methods. However, interestingly, a nearly 
linear relationship between conduction band offset with Al composition (in the direct 
bandgap region) is found in GaAs/AlxGa1-xAs heterostrcuture by many groups [116]. 
Today, a well-received theory proposed by Tersoff [117] explains that band edge 
alignment at heterosructure interface is determined by the interface dipole effect 
associated with quantum mechanical tunneling. The actual alignment should minimize 
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the interface energy from the dipole formation. This theory is in good agreement with the 
experiment results.  
Table 6.1: An excerpt of experiment /C gE E∆ ∆  ratio for GaAs/AlxGa1-xAs 
heterojunction [116]. 
/C gE E∆ ∆  Technique Year First Author 
0.88 Optical Absorption 1974 R. Dingle 
0.90 X-ray Photoemission 1981 J. R. Waldrop 
0.70 X-ray Photoemission 1981 J. R. Waldrop 
0.57 Photoluminescence 1984 C. Miller 
0.57-0.66 Photocurrent 1985 D. C. Rogers 
0.69 Light Scattering 1986 J. Menendez 
0.63 Photocurrent 1987 M.A.Haase 
0.77 Electro-reflectance 1987 P.M. Raccah 
0.658 Photoluminescence 1992 R.F. Kopf 
0.66 C-V  1980 H. Kroemer 
0.62 Hall-Effect 1984 W.I. Wang 
0.56 EBIC 1987 A. Eisenbeiss 
0.60-0.65 I-V 1986 I. Hase 
0.61 I-V 1987 J. Smoliner 
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A large body of experimental and theoretical work has been motivated by the importance 
of fundamental energy band offsets at heterojunctions but contradictory values were 
reported even for the most intensively studied system, i.e. GaAs/AlxGa1-xAs (Table 6.1). 
Over more than one decade, values of /C gE E∆ ∆ broadly ranging 0.6 ~ 0.9 were reported 
by various researchers. Langer et al [118] reviewed the results from experimental 
measurements on GaAs/AlxGa1-xAs system and gave a best fit of 0.63 in /C gE E∆ ∆  
(Figure 6.2(b)).  
 
Figure 6.2: (a) conduction-band discontinuity measured by photoelectron spectroscopy. 
The linear line shows offsets by Anderson's rule [115]; (b) the experimental, conduction-
band offsets in GaAs/AlGaAs heterojunctions in a direct-band-gap region. The solid line 
gives the best estimate of 0.67 [118]. 
6.2 Challenges in Measuring Band Offset in Nanoscale Devices 
 
A rational design of heterostructure nanowire devices, especially hot-electron transfer 
devices, requires a priori knowledge of band structure. However, it remains an open 
question what the band alignment is in core-shell nanowires and to measure it using 
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conventional experiment technique is challenging. Especially when advancing from a 
concept-proof to a product-manufacture level, precise control in growth and facile means 
for characterization are needed. The coaxial interface of core-shell nanowires typically 
plays the central role in device design and functionality. In hot electron transfer devices, 
the conduction band offset CE∆ directly determines the transfer threshold and bias-
dependent rate. Monitoring the interface within single nanowire, however, remains 
challenging. In planar hetero-junctions, optical methods are frequently used to measure 
band edge offsets. For instance, X-ray photoemission spectroscopy (XPS) can be used to 
measure the valence band offset by quantifying the binding energy difference, enabling 
construction of a band diagram based on the valence band difference [119]. In nanoscale 
devices, the surface geometry is much more complicated than the planar thin-film which 
is usually atomic flat. An additional limit of using XPS for band offsets in nanowires is 
that the signal from a single nanowire is too weak to detect, requiring ensemble 
characterization. 
An additional complication that hampers the prediction of band structure in core-shell 
nanowires involves the growth process. A large proportion of reported works in 
nanowires device prototyping use metal-organic vapor phase epitaxy (MOVPE) in 
nanowire synthesis. However, the shell growth in MOVPE core-shell nanowires usually 
involves a high-temperature process to suppress the metal-catalyzed growth of the core, 
which is known to add the uncertainty of the uniformity of shell composition. III-V 
nanowires are also known possessing nano-facets on the (110) terminated hexagonal side 
facets [38], [120]. Al-rich corners and planes are also seen [121], [122].  
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Photoluminescence (PL) is widely used as an initial characterization of the growth quality, 
doping, and defect conditions in nanowires, and heterogeneous broadening of the PL 
lineshape is expected for the ensemble measurements. However, using PL as an effective 
method to characterize band edge discontinuity on single nanowire device is 
experimentally challenging due to the requirements including focusing, precise 
positioning, and stability against drift. PL collection is also usually at a temperature much 
lower than normal device operation temperature for high spectral resolution. A direct 
electrical characterization of band alignment in nanowire devices intended for room 
temperature operation is sought but thus far lacking. In the following we will discuss how 
photocurrent spectroscopy and analysis, in conjunction with variable-temperature 
ensemble PL characterization, enables facile measurement of the band edge offset from 
an interfacial optical transition within a co-axial core-shell nanowire, using the MOVPE-
grown GaAs/ GaAs/AlxGa1-xAs as an example of a direct bandgap material and 
GaAs/AlAs nanowires grown by molecular beam epitaxy (MBE) as indirect one [52]. 
6.3 Photoluminescence Spectroscopy 
 
PL investigations on ensemble nanowires were performed to identify optical transitions 
and their energy levels.  Nanowires were transferred to a Si/SiO2 substrate using a 
stamping process to eliminate luminescence from GaAs growth substrate.  The 
transferred nanowires samples were then mounted on a Janis ST-100 cryostat with 
controlled temperature range from 4 K to 300 K. A diode-pumped solid state (DPSS) 532 
nm laser was used as excitation source for PL studies. The beam is focused on the sample 
with a spot size around 120 µm. The power range was between 1 mW and 100 mW by 
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adjusting laser source current or using neutral density filters. Within this range no heating 
effect was observed. The PL signal is collected by JY-1000M spectrometer. The 
experiment setup is illustrated in Figure 6.3. 
 
Figure 6.3: Low temperature PL experiment setup. 
Low temperature PL results collected at 8.7 K are shown in Figure 6.4. Three distinct 
peaks are seen in the spectrum of GaAs/Al0.33Ga0.67As nanowires. The bandgap peaks are 
located at 1.505 eV and 1.976 eV for GaAs and Al0.33Ga0.67As, respectively. The shoulder 
on AlGaAs peak has an offset by 40 meV and is originated from Si dopants with self-
compensation [123]. The third peak at 1.723 eV corresponds to interface recombination, 
namely, electrons in the AlGaAs conduction band recombine with holes in the GaAs 
valence band. The intensity of interface transition peak is comparable to those of bandgap 
recombination which suggests that the overlap of electron and hole wavefunctions is 
large and confirms the direct nature of the transition. The interface is more explicitly seen 
in the PL of GaAs/ Al0.24Ga0.76As  nanowires with a peak appearing at 1.705 eV (Figure 
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6.4(b)). The intensity of the peak exceeds the GaAs bandgap peak. The peak is partly 
convoluted with the AlGaAs peak (at 1.840 eV), the two being more closely spaced due 
to lower Al composition. The peak width at 8.7 K is on the order of 50 meV, only twice 
that of GaAs bandgap peak. In fact, the difference can be expected from the interface 
conditions which have been discussed earlier in Section 2.1.5. The narrower linewidth 
comes from the steeper transition at the interface on x = 0.24 nanowires, where the 
transition has a narrower distribution of energy on a junction width less than half of that 
in x = 0.33 nanowires.  
A strong near-bandgap peak of GaAs was observed at a wide range of temperature in 
GaAs/AlAs nanowires which usually have a low impurity level (Figure 6.4(c)). However, 
neither interface nor AlAs luminescence was observed in temperature-dependent PL 
since AlAs is an indirect bandgap material and there is no Si impurity present. 
A summary of Gaussian-fitted peak, temperature dependent PL energies measured in x = 
0.24 nanowires under 4 mW of excitation power reveals that the interface and GaAs 
peaks are correlated in the red shift when temperature increases (Figure 6.5). Since the 
conduction band offset should be nearly temperature-independent, we applied Varshni 
fittings with offset on both of the transitions using bulk GaAs parameters [124]. The 
results showed good agreement of temperature dependence between two transitions, 
which further confirmed the interface transition nature of the 1.705 eV peak. The 
shoulder on the high energy side of this peak is possibly from Si deep level impurity, 
having temperature-dependent variation in intensity distinct from that for band-to-band 
GaAs radiative recombination. The band edge peak persists even at room temperature 
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while the AlGaAs peak is quenched above 120 K due to the activation of non-radiative 
recombination. The assignment of interface peak energies in x=0.24 nanowires is more 
accurate than that for x=0.33 nanowires. 
 
Figure 6.4: Low temperature PL at 8.7 K from ensembles of (a) GaAs/Al0.33Ga0.67As 
nanowires, (b) GaAs/Al0.24Ga0.76As nanowires, and (c) GaAs/AlAs nanowires dispersed 
on SiO2/Si substrate. Data are plotted in black; the red dotted lines show that the 
lineshapes are well-described by Gaussian fitting. (d) The three transitions observed in 
PL are indicated by black arrows on the band diagram of a GaAs/Al0.33Ga0.37As nanowire. 
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Figure 6.5: (a) Temperature-dependent PL from GaAs/Al0.24Ga0.76As nanowires on 
SiO2/Si substrate between 8.3 K and 60 K. Spectra are offset for clarity. (b) Temperature-
dependence of PL peak energy values of GaAs near bandgap transition (red squares) and 
interface transition (blue circles) from peak fittings. The solid lines show the fitting 
results of energy values using Varshni equation with offsets. 
Although the interface transition energy is close to the theoretical value of bandgap 
energy of GaAs plus the conduction band offset energy, a precise value of the energy 
associated with the peak is difficult to assign due to heterogeneous broadening, in which 
the band edge alignment varies within the ensemble, and the involvement of competing 
impurity luminescence, which is more sensitive to fluctuation than that from the total 
impurity concentration.  
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Figure 6.6: (a) Power-dependent photoluminescence results from ensemble GaAs/ 
GaAs/Al0.24Ga0.76As nanowires. (b) The evolution of peak energy (red open circle) and 
peak width (black solid circle) with excitation power. 
The low temperature power dependence of PL is also given in Figure 6.6. The excitation 
power for photoluminescence study covers a broad range. The results of power 
dependence of PL peaks indicate there is no heating caused red shifts. Instead, we noticed 
a blue shift of GaAs peak with increasing power possibly due to band filling of the finite 
size GaAs core. The interface transition energy from PL peak-fitting provides a guideline 
for probing the band edge discontinuity using photocurrent spectroscopy. 
6.4 Photocurrent Spectroscopy  
 
Photocurrent spectroscopy has been proven a versatile method in probing bandgap, 
resonant optical modes [125], and polarization anisotropy [126], [127] within individual 
nanowires. It involves a combination of two physical processes, absorption and transport, 
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both of which are subject to both the materials and the interface. The photocurrent 
spectroscopy measurements were performed using this Ti:Sapp laser (tunable from 690 
nm to 900 nm) and a pulsed supercontinuum source (NKT Compact, Denmark, tunable 
from 460 nm to 1000 nm) at room temperature. A lock-in amplifier can be used in data 
collection to eliminate dark current especially for low light intensity. The setup is 
illustrated in Figure 6.7.  
 
Figure 6.7: Illustration of photocurrent spectroscopy setup 
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Figure 6.8: I-V curves under laser illumination and dark conditions from a single GaAs / 
Al0.33Ga0.67As nanowire device plotted on semi-log scale. Inset: SEM image of a 
representative device (tilted at 52 degrees; scale bar: 500 nm). (b) Normalized 
photocurrent spectra by incident photon flux in semi-logarithm from two x=0.33 
representative devices. The inset shows the same plot on a linear scale to more clearly 
convey the increase of current around 1.7 eV. 
Devices before and after annealing both showed high light response under illumination 
from a 150 W broad band halogen lamp and alternately, a CW Ti:Sapphire laser at 800 
nm (M2, Glasgow, UK). We first discuss the results from GaAs/AlGaAs nanowires. We 
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normalized the photocurrent Iph by photon flux, i.e. power laserP  per incident photon 
energy ω , to eliminate the spectral power variation, and the normalized photocurrent is 
proportional to optical absorption: 
 *
( )ph laser
I I
P
ω
ω
=
   (6.2). 
Distinct absorption edges of GaAs core can be observed (Figure 6.8), and at 300 K, the 
absorption edge is observed at 1.41 eV (880 nm), consistent with that from zinc-blende 
structures in nanowires possessing different shell Al compositions. Significantly, an 
additional steep rise of photocurrent with photon energy is seen near 1.675 eV (740 nm), 
at a value close to the interface transition observed in PL, indicating an enhancement in 
carrier photogeneration correlating with absorption of incident photons at the interface. 
At photon energy greater than AlGaAs bandgap, the photocurrent reaches a plateau due 
to the photogenerated electrons filling up the AlGaAs conduction band, competing with 
the transition from GaAs.  
Since our photocurrent spectroscopy involves individual nanowires, the aforementioned 
issues relating to ensemble averaging in PL broadening are eliminated. Normalized 
photocurrent spectra are replotted as square of the product of normalized photocurrent 
(denoted as *I  in Eq. (6.2)) and photon energy, which is proportional to incident photon 
energy in a direct band gap transition since it differs from absorption coefficient only by 
a constant. For absorption in direct bandgap semiconductor [76], 
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Linear fitting on the conspicuous slope intersects the energy axis at the transition energy, 
i.e., ,C g GaAsE E∆ + . The x=0.33 nanowire device is seen to possess an intercept of 1.670 
eV while the corresponding peak center in ensemble PL is 1.698 eV at 300 K (Figure 6.9). 
With the GaAs core bandgap results a priori, a CE∆  (262 meV ± 40 meV) is unveiled in 
a single nanowire.  
 
Figure 6.9: Transformed photocurrent spectrum of one x=0.33 nanowire device: the 
vertical coordinate is transformed to the square of normalized photocurrent and photon 
energy product. The solid lines are the linear fittings of curve slopes. Inset: an expanded 
view of the lower photon-energy range portion and slope corresponding to the GaAs 
bandgap energy. 
While the method is comparable to the internal photoemission which is also a 
photocurrent-based method used in planar devices [128], the bias dependent band 
bending at the contact in internal photoemission requires an additional extrapolation for 
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flat band voltage rather than direct measurement. In our case, band bending is alleviated 
by the Ohmic contact scheme and does not affect the threshold energy of band edge 
transition, confirmed by the bias-independent intercept in the measured photocurrent 
spectra. The results are compelling through comparison of the CE∆  values in nanowires 
with two different Al compositions (x = 0.24 and 0.33). We found good agreements 
between the spectrally-derived CE∆  with the Al composition dependent band offsets 
(Figure 6.10) [118].  
 
Figure 6.10: Conduction band edge offsets for different Al composition shell. The 
background solid line is an empirical linear dependence reproduced from Langer et al 
[118]. 
Besides the resolution, photocurrent spectroscopy offers two additional advantages over 
PL method: less constraint on temperature measurement and broader material 
compatibility in indirect gap materials. As shown in Figure 6.4(c), indirect bandgap AlAs 
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has low luminescence efficiency which makes PL characterization of the interface of 
GaAs/AlAs nanowires impractical. In contrast and significantly, we found in MBE-
grown GaAs/AlAs core-shell nanowires that photocurrent spectroscopy also reveals the 
band edge alignment. When the spectra are transformed, in a similar way, into the square 
root of normalized photocurrent, corresponding to an indirect transition since AlAs is an 
indirect bandgap semiconductor (Figure 6.11) [76]: 
 * 2,( )g effI Eω∝ −   (6.4). 
The extrapolated conduction band offset at 0.27 eV is also close to the planar value [129]. 
The result is therefore promising for extending this method to core-shell nanowires with 
one or both consisting of indirect bandgap materials. 
 
Figure 6.11: Photocurrent spectrum from a GaAs/AlAs nanowire transformed to square-
root of normalized photocurrent (red) and room temperature photoluminescence (grey). 
The black dotted line is the linear fitting of the curve slope. 
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6.5 Summary 
 
In summary, photocurrent spectroscopy and analysis, coupled with results from ensemble 
PL and supported by simulation as presented here represent a facile means of obtaining 
the band-edge discontinuity within individual co-axial core-shell semiconductor nanowire 
hetero-junctions without the complications presented by ensemble averaging.  In addition 
to enabling quantification of the wire-to-wire variation in conduction band offsets, we 
anticipate that the quantifying enabled by this approach will permit more informed study, 
design and device application of the spatial and temporal trajectory of hot photo-excited 
carriers at and near nanowire heterojunction interfaces. 
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Chapter 7: Conclusions and Future Work 
7.1 Conclusions 
We have demonstrated a novel optoelectronic device on single core-shell semiconductor 
heterostructure nanowire based on real space transfer of photogenerated hot electrons. A 
deep understanding is established through direct measurements of carrier transport and 
band structure of heterostructured nanowires. These results of tunable non-linear device 
characteristics represent a significant step towards creating more complex integrated 
circuits using these nanometer-scale building blocks, including oscillators and amplifiers, 
tunable phase shifters, frequency multipliers, phase-locked loops, and laser switches. The 
photocurrent and photoluminescence spectroscopy and analysis, supported by simulation, 
represents a facile means of obtaining the band-edge discontinuity within individual 
coaxial core−shell semiconductor nanowire heterojunctions without the complications 
presented by ensemble averaging, which enables the quantification of the wire-to-wire 
variation in conduction band offsets. Similarly, the EBIC study in carrier transport can 
extend to various nanoscale complex materials system beyond nanowires. It opens the 
possibility of simultaneous discrimination of carrier type and dominant transport 
mechanism selectively in heterogeneous nanoscale electronic devices. 
Specifically,  
• Ohmic contacts are made GaAs/AlGaAs core-shell nanowires by a Pd-based 
contact recipe. The layered metal structure is optimized at Pd/Zn/Pd/Ti/Au at 
10/20/10/5/100 nm. The annealing condition is optimized at 400 ºC and 20 
seconds in forming gas environment. The contact resistance is reduced by two 
orders of magnitude. An alternative direct-writing contact method by focused 
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electron/ion beam shows only EBID is valid to contact nanowires without 
inducing irreversible material damage from ion implantation.  
• Carrier transport in from energy variable EBIC measurements shows low shell 
electron mobility on the order of 10 cm2V-1s-1. The analysis on the evolution of 
decay length with bias decouples the drift component from the diffusion. In 
higher beam energies, the transport in core and shell is resolved. The evidence of 
a parallel-channel mode of transport is identified. 
• Modulation of real-space transfer of photogenerated electrons in core-shell 
nanowires has been demonstrated with three different modes: electrostatic gating, 
photon flux and photon energy. It provides an approach to study carrier scattering 
and hot electron cooling. A signal modulation device element is realized for phase 
shifting (up to 160 degree) and frequency doubling (up to 1 kHz) of sinusoidal ac 
signal. Low temperature results show an enhancement of peak-to-valley ratio and 
sharper NDR peaks. By reducing the Al composition in the shell, the photon 
energy tunability is improved by nearly one order of magnitude. 
• Photocurrent spectroscopy and analysis, coupled with results from ensemble PL 
and supported by simulation as presented here represent a facile means of 
obtaining the band-edge discontinuity within signal core-shell semiconductor 
nanowire devices. The results give the conduction band offsets of 0.189 eV and 
0.262 eV for GaAs/Al0.24Ga0.76As and GaAs/Al0.33Ga0.67As nanowires, 
respectively. The photocurrent spectroscopy is shown to be able to extended to 
indirect bandgap shell materials (e.g. GaAs/AlAs core-shell nanowires). 
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7.2 Future Work 
Electron Temperature Measurement by Micro-PL 
The peak shape of PL is a convolution of density of states and Fermi distribution. When 
electric field heats the electrons up to form a wider distribution, the effect will be 
reflected in the high energy side tail of PL peaks. A future study can be done by 
collecting PL on single nanowire device under bias. In order to acquire the PL solely 
from single nanowire (area of 1um x 1um), micro-PL is required in which a microscope 
objective lens converges the pumping laser beam to a spot size of 10 um in diameter. An 
OM objective lens may be used to focus a 532 nm laser line as a local excitation source. 
In an operating nanowire device under applied electric field/bias, the electrons in the 
conduction channel have a broader Fermi-distribution above the conduction band, which 
can be shown in the elongation of PL tail on high energy side. A straightforward analysis 
through peak shape fitting can be made to extract electron temperature in the device. 
Alternative Material Systems 
The study in this dissertation focuses on GaAs/AlGaAs system. However, the results and 
the experimental techniques have been shown versatile and easy to transfer onto other 
semiconductor systems. The ideal candidates with Type-I heterostructure, low lattice 
mismatch but large difference in mobility include GaAs/InGaP, InGaAs/InP, etc. 
Improving gate control 
Tunability is one of most important features in the nanowire RST devices reported in this 
dissertation. Tuning by electrostatic gating is essentially a feature integrated to the device 
itself. Compared to the tuning associated with light source (i.e., photon flux and photon 
energy), the improvements on gating tuning can lead to on-chip device performance. 
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There are several factors that can be investigated in the future: top surrounding gate, shell 
doping and shell thickness. The back-gate tuning is not ideal for nanowire devices. A 
better scheme can use a surrounding gate with conformally grown (e.g. ALD grown) gate 
oxide. In the surrounding geometry, the gate potential can be coupled to the entire co-
axial cylindrical interface, thus significantly enhancing the NDR threshold tuning. 
Preliminary works are summarized in Appendix A. Shell doping level and thickness both 
have an effect on the partial screening of gate potential. Although the doping in shell may 
not be straightforward to be precisely controlled and measured, the thickness can be 
carefully optimized. A series of study is worthwhile to be carried out to further improve 
the device performance. 
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Appendix A: Top-Gate Nanowire Devices 
 
A.1 Gate Geometry 
 
Conventional planar gate stacking is not the optimum gate geometry for nanowires that 
have a cylindrical or hexagonal cross section. Lateral nanowire transistors with back gate 
geometry (nanowire/SiO2/heavily-doped Si/metal gate electrode) are commonly seen 
[130]. A cylinder-on-plate model gives a gate capacitance as, 
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 (A.1). 
L is the nanowire channel length. r and tox are radius of the nanowire and the thickness of 
the oxide underneath the nanowire [131]. A further correction of the model by a factor of 
2, from the fact that most of the nanowire surface is exposed in air rather than embedded 
in the oxide, reduces the gate electrostatics even more [86]. The nanowire cross-sectional 
shape (i.e. cylindrical, triangular, or hexagonal) does not have a significant effect on the 
gate capacitance [83]. For nanowires, similar to FinFET, a top-gate or surrounding gate is 
considered most efficient device structure and substantial improvement in device 
performance has been reported in both lateral and vertical device schemes [33], [87], 
[131].  
We have experimented on a top-gate device design on core-shell nanowires to not only 
increase the device performance as an electrostatic gated transistor, but also potentially 
enhance the gate tunibility for NDR devices. 
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A.2 Growth of High-k Gate Dielectrics  
 
A high-k dielectric layer is used in the top-gate devices. We grew hafnium oxide (HfOx) 
by atomic layer deposition (ALD), a thin-film growth technique that enables a conformal 
coating on non-planar substrate at relative low temperature. HfOx and Al2O3 are among 
the most promising gate oxide candidates for next generation transistors with hybrid III-V 
and Ge channels [132]–[134]. Tetrakis(ethylmethylamino)hafnium is used as precursor 
(optimized from a well-established recipe [135], [136]) and the proposed growth 
mechanism and process flow chart is shown in Figure. A.1. 
 
Figure A.1. (a) Molecular formula of Tetrakis(ethylmethylamino)hafnium (courtesy of 
Sigma-Aldrich); (b) ALD process of HfOx growth; (c) Proposed ozone growth 
mechanism [135].  
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The growth temperature ranges between 150 ~ 250 ºC, compatible with the resist for e-
beam lithography. A high-purity N2 flow is kept at 15 sccm for chamber purge. A metal-
oxide-metal test structure was used in capacitance measurements. The capacitance 
measurements gives a k value from 8.5 – 9.65.  
A.3 Top-Gate Device Fabrication and Tests 
 
Top-gate nanowire device involves three rounds of e-beam lithography. The first 
lithography, same as the back-gate devices, is used for shell etching and source/drain 
contact metal deposition.  The second lithography defines the window for HfOx growth 
on nanowire device. The third lithography defines the gate electrode on the as-grown 
HfOx. Two types of gate electrodes are used: covering gate and insertion gate, as shown 
in Figure A.2. Insertion gate does not overlap either source or drain electrode to avoid 
short circuit from gate oxide breakdown. Covering gate, on the other hand, has a less 
edge electric field effect compared to insertion gate.  
 
Figure A.2. (a) and (c) top and tilted view (52º) SEM images of an insertion top-gate 
nanowire device; (b) and (d) top and tilted view (52º) SEM images of a covering top-gate 
nanowire device.  
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The top-gate devices showed strong enhancement of gate coupling. A direct comparison 
shows the increase of subthreshold swing by a factor of 30 for top devices (Figure A.3) 
although the breakdown of HfOx limits the maximum gate voltage that can be applied to 
be around 5 V.  
 
Figure A.3. Current (in log scale) versus gate voltage reveals subthreshold swing for (a) 
back gate and (b) top gate nanowire transistor. 
 
Figure A.4. Current versus gate voltage curves shows ambipolar gating for top gated 
devices using (a) insertion geometry and (b) covering geometry. 
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More strikingly, we found the top-gate devices exhibited ambipolar gating, a clear 
indication of significantly improved gate electrostatics [137]–[139]. I-Vg curves from two 
representative devices using insertion and covering gate, respectively, are summarized in 
Figure A.4.  
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Appendix B: Calculate Energy Band Diagram for Core-Shell Nanowires 
 
The energy band diagram is the guideline for an understanding of the electrical and 
optical properties of semiconductor materials. The uniqueness of semiconductor 
nanowires is the quasi-1D geometry and the cylindrical surface boundary. Unless for 
those having diameter ≤ 10 nm or Bohr radius for the specific material, a 1D density of 
states is usually not introduced. On the other hand, the cylindrical geometry usually 
requires a transformation of numerical tools from Cartesian coordinates to cylindrical 
coordinates. In our study, we uses a Poisson-Schrödinger solver with finite-element 
method grids in both a 1D Cartesian setting along nanowire radial direction and a 
modified model in cylindrical coordinates [140], [141].  
A series of simulations explored the parameter space of GaAs/AlGaAs core-shell 
nanowires using different doping, aluminum composition, shell thicknesses, and surface 
Fermi pinning conditions. In Figure B.1, a direct comparison of results from using 1D 
Cartesian and cylindrical model is given. The spatial axis has the center of cylinder cross 
section as origin and extends radially to the nanowire surface. The spatial carrier density 
function is slightly different. The core in the cylindrical model has a higher carrier 
concentration contributed from an effective larger shell. Nevertheless, the difference 
between the two models in the doping range used in the simulation is not significant. 
Knowledge of an accurate doping level in a single nanowire remains a challenge. A serial 
simulation with a combination of core and shell doping levels shows the evolution of 
band bending and carrier concentration. In Figure B.2 and B.3, results for x=0.24 and 
x=0.33 core-shell nanowires using cylindrical model are summarized. The distribution of 
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conduction carriers in the two conduction channels of core and shell provides an insight 
of the study in Chapter 4 and real space transfer. Specifically, the type I band structure 
does not lead to a complete confinement of carrier in the core only. With the shell doping 
level increasing, the surface band bending has a shorter extension into the wire while the 
average shell carrier concentration increased. 
 
Figure B.1. P-S simulations of band diagram and electron concentration of core-shell 
nanowires using cylindrical model (a and c) and 1D Cartesian model (b and d).  
The surrounding shell protects the core from surface oxidation. A shell thickness greater 
than 10 nm is usually sufficient. Meanwhile, the shell thickness, as a spatial variable to 
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relax surface band bending, can affect the carrier distribution within the nanowire, 
together with the doping level.  
 
Figure B.2. Selective P-S simulations of band diagram and electron concentration of 
core-shell nanowires (Al x=0.24) with a combination of core and shell doping levels 
using cylindrical model.  
A summary of the effect of shell thickness is summarized in Figure B.4. From the results, 
it is evident that there is a threshold thickness at a given doping level beyond which the 
surface influence is negligible to carrier concentration in the shell. The simulation does 
not consider the reduced effective thickness after the surface oxidized thickness being 
subtracted. Therefore, the actual threshold thickness is possible to be larger by a few nm 
than the simulation results. On the other hand, a large thickness of shell increases the 
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shell carrier concentration, as shown in Figure B.4 as the plateau in the shell section. It 
potentially increases the total dark current level in a RST device and lessens the NDR 
feature. Therefore, an optimum shell thickness is suggested to be between the threshold 
and the plateau onset. 
 
Figure B.3. Selective P-S simulations of band diagram and electron concentration of 
core-shell nanowires (Al x=0.33) with a combination of core and shell doping levels 
using cylindrical model.  
Finally we examined the effect of surface pinning. Typically, a mid-gap pinning is 
expected especially for the large density of surface states in GaAs-based materials. We 
compared the results from a pinning at 40% and 60% of Eg from Ec. The effect is mainly 
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on the carrier distribution in part of the shell that is close to the surface. The carrier in the 
core is not affected.  
  
Figure B.4. P-S simulation results of band diagram and electron concentration of core-
shell nanowires (Al x=0.33; 15 3 18 3, ,1 10 cm ; 5 10 cmA core D shellN N
− −= × = × ) showing the 
effect of shell thickness.  
 
Figure B.5. P-S simulation results of band diagram and electron concentration of core-
shell nanowires with different surface Fermi level pinning.  
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